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PRODUCTION AND DEVELOPMENT OF WROUGHT MAGNESIUM 
ALLOYS 
SUMMARY 
Magnesium alloy sheet has been produced by twin roll casting first time in Turkey. 
Magnesium AZ31, AZ61, AZ91, AM50 and AM60 alloy sheets of 4-8 mm thick,  
1500 mm wide were successfully achieved.  Afterwards, homogenization heat 
treatments were applied on the sheets. Microstructures of the sheets have been 
analysed by optical microscope and scanning electron microscope, SEM from plan, 
longitudinal and transverse views. More detailed microstucture investigation was 
performed by transmission electron microscope, TEM. Elemental analyses were done 
by SEM-EDS (Energy Dispersive Spectrometer), TEM-EDS and EPMA (Electron 
Probe Micro Analyser)-WDS (Wavelength Dispersive Spectrometer) systems. XRD 
(X-ray Diffraction) techniques were used for both characterization and also texture 
purposes. Mechanical properties were investigated by tensile tests and also hardness 
measurements. Tensile tests were performed at three different directions: rolling 
direction, 45 degrees to rolling direction and transverse direction by using an 
extensometer. Micro Vickers and Brinell Hardness test measurements were done on 
plan view and different crosssection directions. In addition, produced sheets were 
investigated by cold rolling, hot rolling and annealing tests. Aging studies were also 
applied on AZ91 Mg alloy sheets. Moreover, necklace studies and also conventional 
casting trials were performed. From the results of this thesis, production of wrought 
magnesium alloys suitable for automotive, defense and electronics industries seems 
possible. 
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MAGNEZYUM LEVHA ALAŞIMLARININ ÜRETİMİ VE 
GELİŞTİRİLMESİ 
ÖZET 
Türkiye’nin ilk magnezyum  alaşımı levhası ikiz merdaneli sürekli döküm tekniği ile 
üretilmiştir. Magnezyum AZ31, AZ61, AZ91, AM50 ve AM60 alaşımı levhalar 4-8 
mm kalınlığında, 1500 mm eninde başarılı şekilde elde edilmiştir. Levhalar daha 
sonra homojenleştirme ısıl işlemlerine maruz bırakılmıştır. Levhaların mikroyapıları 
yüzey, en ve boy yönlerinde optik mikroskop ve Taramalı Elektron Mikroskobu 
(SEM) ile incelenmiştir. Daha detaylı mikroyapı incelemeleri Geçirimli Elektron 
Mikroskobu (TEM) ile yapılmıştır. Elementel analizler SEM-EDS (Enerji Dağılım 
Spektormetresi), TEM-EDS ve EPMA (Elektron Prob Mikro Analiz Cihazı)-WDS 
(Dalgaboyu Dağılım Spektormetresi) sistemleri ile yapılmıştır. X-ışınları 
difraksiyonu (XRD) teknikleri karakterizasyon ve tekstür incelemeleri amaçlı 
kullanılmıştır. Malzemelerin mekanik özellikleri çekme deneyi ve sertlik deneyleri 
ile ölçülmüştür. Çekme deneyleri hadde yönü, hadde yönüne 45 derece açı ve 90 
derece açı olmak üzere üç farklı yönde ekstensometre yardımı ile yapılmıştır. Ayrıca 
numune yüzeylerinde ve farklı kesitlerde mikro Vickers ve Brinell Sertlik taramaları 
yapılmıştır. Elde edilen levhalar üzerinde soğuk hadde, sıcak hadde ve ısıl işlem 
denemeleri yapılmıştır. AZ91 alaşımlarına yaşlandırma çalışmaları uygulanmıştır. 
Bunlara ek olarak gerdanlık yapısı mikroyapı incelemeleri ve geleneksel döküm 
yöntemi denemeleri yapılmıştır. Bu tezden elde edilen sonuçlar ışığında otomotiv, 
savunma ve elektronik endüstrileri için uygun magnezyum levha alaşımlarının 
üretimi olası gözükmektedir. 
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1.  INTRODUCTION 
Magnesium is the lightest of all structural metals with a density of 1.74 g/cm3. 
Aluminum is 1.5 times, titanium is 3 times and iron is 4 times of magnesium in 
density [1]. Magnesium alloys have high specific strength, high specific stiffness, 
good castability and machinability, low heat content per unit of volume, high 
damping capacity, and good electro-magnetic (EMI) shielding [1-7]. Magnesium is 
dimensionally stable, it welds easily, and it has impact and dent resistant. It is the 
sixth most abundant metal and eighth element on the earth’s surface. Furthermore, 
magnesium is readily recyclable [1]. Magnesium alloys also have effective heat 
dissipation [5].  
Due to these properties, there is increasing interest in using magnesium alloys 
especially in electronics and transportation industries. Almost 30 % of the 
applications are structural applications (portable electronic equipment, such as laptop 
computers, cellular phones and video cameras; military equipment; aircraft parts; 
sporting goods and hand tools) [1,8]. 
Recently, using magnesium alloys that are lighter than aluminum alloys are being 
investigated for the automotive industry [9]. Magnesium alloys are already used 
within the automotive interior as instrumental panel substrate, seat frame, seat riser, 
seat pan, console bracket, steering wheel, steering column parts; in the powertrain as 
valve cover, transmission cases; in the body as door and roof frames, sunroof panel, 
mirror bracket, tailgate; and in the chassis as wheel, brake pedal brackets [8-10]. 
High flexural/buckling stiffness and bending strength are needed for automotive 
body components such as doors, boot, and bonnet. VW 3L Lupo bonnet is a good 
prototype example for future application of magnesium sheets. Other possible 
wrought alloy automotive applications are extruded profiles such as window frames, 
seat and supporting structures [11]. Magnesium components are usually produced by 
the die casting process. Although cost effective, the die casting process is not suitable 
for manufacturing large flat parts, such as hood, door, and lift-gate substrates. Also, 
mechanical properties of the cast parts, particularly fatigue resistance, can be 
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substandard. Parts requiring good mechanical properties and fatigue endurance 
strength are best produced from wrought alloys. Replacement of conventional sheet 
metals with magnesium can reduce the vehicle mass, thus promoting energy efficient 
transportation. By using wrought magnesium alloys, a decrease in vehicle weight up 
to 100 kg and a reduction of 5 % fuel consumption can be realized [12]. 
Application of wrought magnesium alloys especially in the form of sheet is limited 
due to the price of conventional rolling product. However, the demand for decreasing 
the magnesium sheet prices is high and can be met through twin-roll casting. 
With conventional magnesium sheet production, the starting material is a slab with a 
thickness of about 100-250 mm. The magnesium alloy slab has to be rolled many 
times with small amounts of deformation passes at each step and intermediate 
annealing treatments to produce the sheet material. This multi-step process is not 
cost-effective in terms of time and energy. Therefore, twin roll casting (TRC) is 
focused on due to its potential for relatively low-cost production.  
Universities, companies and institutes have performed some laboratory as well as 
pilot scale industrial trials using TRC technology. Investigations on strip casting 
have been mainly in the USA, Australia, Republic of Korea, Germany, Japan, China, 
Norway, UK and Canada. In the USA, twin roll casting trials were first performed in 
80’s. In CSIRO (Australia), magnesium alloy strips (AZ31, AZ61, AM60, and AZ91 
alloys), having a width of 100-600 mm and thickness of 2.3-5 mm have been 
produced. POSCO Magnesium (Republic of Korea) produces 530-600 mm wide,  
0.4-4.3 mm thick AZ31 sheet or coils. Thyssen Krupp MgF Magnesium 
Flachprodukte GmbH (Germany) is producing strips up to 700 mm wide and        
4.5-7 mm thick. In Japan, AZ31, AZ61, AZ91, AM50 and AM60 strips were 
produced with 4-5 mm thickness and up to 250-400 mm width. In China, 1.0-2.0 mm 
thick, 150 mm wide; 2.0-8.0 mm thick, 400 mm wide; 0.5-8 mm thick, 600 mm 
wide; 2-8 mm thick, 200-600 mm wide and 7 mm thick, 800 mm wide Mg strips 
were produced by both horizontal and vertical twin roll casting processes. Hydro, 
Norway twin roll casted Mg AZ31 alloy strips with 4.5 mm thickness and up to     
410 mm width. In BCAST-Brunel Centre for Advanced Solidification Technology, 
Brunel University, United Kingdom, 2-8 mm thick AZ91D, AZ61 and AZ31 Mg 
alloy strips were produced by both TRC and MC-TRC (melt conditioned twin roll 
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casting) processes with roll width of 350 mm. There are laboratory scale 
experimental twin roll casting trials in McGill University, Canada. 
Recently, an industrial scale magnesium twin roll casting plant has been set up in 
Turkey with a project of TUBITAK (The Scientific & Technological Research 
Council of Turkey) Marmara Research Center Materials Institute supported by State 
Planning Organization of Turkey. The system is incorporated with a gas-fired 
chamber furnace with a maximum melting capacity of approximately 3200 kg 
magnesium. Water-cooled steel twin-rolls of 1600 mm width and 1125 mm diameter 
with 15º tilt angle, a pinch roll unit, a cross-cut shear and a coiler are incorporated 
into the system. 
1500 mm wide magnesium alloy AZ31, AZ61, AZ91, AM50 and AM60 sheets of   
4-8 mm thickness have been successfully twin roll casted.  These are the widest 
magnesium alloy sheets that have been produced by this method in the world so far. 
The production has been continued for 10’s of meters and the sheet was coiled or 
sheared to test the system in process. The surfaces of the sheets were of good quality. 
No cracks or voids were observed other than some minor problems along the edges. 
Afterwards, sheets were homogenized and hot and cold rolled down to less than        
1 mm both by laboratory and industrial scale rolls. Ageing studies were also applied 
on AZ91 Mg alloy sheets. Moreover, necklace studies and also conventional casting 
trials were performed. 
 
The thesis is organized as follows: first, a literature survey of relevant studies is 
presented in Chapter 2. In Chapter 3, the experimental procedures are described. 
Experimental results are presented in Chapter 4 and the results are discussed in 
Chapter 5. In Chapter 6 conclusions are given. A discussion of future directions is 
given in Chapter 7. 
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2.  LITERATURE REVIEW 
2.1 Magnesium and Magnesium Alloys 
2.1.1 History 
Magnesium name originally comes from Magnesia (Μαγνησια, a prefecture in 
Thessaly (Greece), from Magnesia ad Maeandrum near Ephesus (abandoned after the 
Roman times) and also from Magnesia ad Sipylum near Smyrna (nowadays Manisa)) 
the ancient cities in Asia Minor [13].  
Magnesium is a grayish-white metal. It is discovered by Sir Humphrey Davy in 1808 
and was called as “magnium”. Magnesium is usually obtained by electrolysis of 
molten magnesium chloride (First by Bunsen, in 1852) and by thermal reduction of 
magnesium oxide [1,2]. Main magnesium ores are dolomite, magnesite, carnallite 
and chloride (sea water). Magnesium is produced from sea water, brines and 
magnesium-bearing minerals [1-3]. 
2.1.2 Advantages and disadvantages of magnesium 
Advantages of magnesium are its low density (1.74 gr/cm3) (it is the lightest 
structural metal as shown in Figure 2.1), high specific strength, high specific stiffness 
(Table 2.1-2.4), good castability and machinability, low heat content per unit of 
volume, high damping capacity, and good electro-magnetic (EMI) shielding (Figure 
2.2) [1-7]. It is dimensionally stable. It welds easily, and it has impact and dent 
resistant. It is the sixth most abundant metal and eighth most abundant element on 
the earth’s surface (amounting to about 2.5 percent of its composition). Moreover it 
is recyclabale. However, it has poor corrosion resistance, poor creep properties, and 
it is flammable as in pure and powder form [1-7]. 
 6
  
Figure 2.1 : Density comparison of structural metals [4]. 
 
Figure 2.2 : Properties of magnesium alloys [14]. 
Table 2.1 : Thickness and mass ratios of Mg alloys and various structural materials 
compared with steel for Equal Bending Stiffness and Strength Limited 
Design [15]. 
Equal Bending Stiffness Equal Bending Strength Material 
Thickness  
Ratio 
Mass  
Ratio 
Thickness  
Ratio 
Mass  
Ratio 
Steel 1 1 1 1 
Mg (AZ91) 1.67 0.39 1.12 0.26 
Mg (AM50) 1.67 0.38 1.26 0.29 
Mg (AZ80-T5) 1.67 0.38 0.85 0.20 
Mg (AZ31-H24) 1.67 0.38 0.95 0.22 
Al (A380) 1.43 0.49 1.12 0.38 
Al (A356-T6) 1.43 0.50 1.04 0.37 
Al (6061-T6) 1.45 0.50 0.85 0.30 
Al (5182-H24) 1.44 0.50 0.92 0.32 
Plastics (P. 2000) 4.50 0.65 1.94 0.28 
1.74 g/cm3 
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Table 2.2 : Comparison of mechanical and physical properties of Mg alloys and 
various structural materials [15]. 
 
Table 2.3 : Estimated performance cost indices (2003) for various materials 
compared with steel [9]. 
 
2.1.3 Properties compared to structural materials 
Properties of magnesium vs. competing structural materials are summarized below: 
vs. Aluminum: 33 % lighter, easier machining, better die life, can be near net shape 
cast to thinner sections 
vs. Steel: 75 % lighter, significantly lower tooling costs, higher heat conductivity, 
can be near net shape cast to thinner sections, better dimensional stability 
vs. Plastic: Stronger, better stiffness, higher energy absorbing capabilities, higher 
temperature applications, can be near net shape cast to thinner sections [16]. 
 8
2.1.4 Application of Mg alloys 
Main application areas of magnesium alloys are: 
1. Alloying element in Aluminum: Magnesium is used as an alloying element in 
Aluminum. Aluminum represents 40-45 % of total demand for magnesium. 
Relatively small additions of magnesium to aluminum will improve its strength and 
corrosion resistance. Many aluminum alloys contain some magnesium [1,17]. 
2. Structural Metal: for automotive parts (clutch housings, wheels), computer 
components etc. (will be explained in detail in the following sections…) [1,17]. 
3. Iron and Steel Processing: Magnesium is also used in desulfurization of iron and 
steel. Since magnesium metal has a high affinity for sulfur, it will reduce the sulfur 
content when injected into molten iron or steel. Magnesium is also an important 
element in the production of nodular cast iron [1,17].  
4. Electrochemical Use: Magnesium anodes are used to minimize corrosion of steel 
and other metals in corrosive environments such as underground pipelines, storage 
tanks and domestic water heaters. Magnesium is used as a reducing agent in the 
production of beryllium, titanium, zirconium, hafnium and uranium. Magnesium is 
also used in dry cell and reserve cell batteries [1,17]. 
5. Others: Other application areas are pyrotechnics as flashlights for photography, 
fire works, high energy fuels, incendiary devices; and chemical applications for 
production of complex organic and organometallic compounds, magnesium alkyls 
and aryls [1]. 
These applications are also given in Figure 2.3, for years 1992, 2004 and 2006 as pie 
charts. It should be noted that total consumption of magnesium in 1992 is 257,000 
tonnes, in 2004 is 410,900 tonnes, in 2006 is 563,000 tonnes and in 2007 is 755,000 
tonnes [1,18,19]. From the charts it is examined as die casting application increased 
the most, and wrought alloy application remained almost same as percentage. 
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Figure 2.3 : Flow chart of application areas of magnesium for years 1992,2004 and 
2006 [18,19]. 
2006 production of primary magnesium in the world was approximately         
726,000 tonnes and in Figure 2.4 production amounts are given for contitents in 21st 
century [19]. It is noticed that, there is a systematic increase over years. Moreover, 
2007 production was 792,000 and 2008 production was 719,000 tonnes [20,21]. 
Moreover, Figure 2.5 gives production amounts according to countries for year 2006. 
As seen, China dominates world production with more than third quarters of total 
amount. 
Year 1992 
        Year 2004 
        Year 2006 
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Figure 2.4 : Magnesium production in 21st century [19]. 
 
Figure 2.5 : 2006 world magnesium productions according to countries [20]. 
2.1.5 Properties of magnesium alloys 
Some physical properties of magnesium alloys such as density, solidus and liquidus 
temperatures, thermal expansion coeffient, thermal conductivity, electrical 
resisitivity and specific heat are tabulated in Table 2.4. 
Table 2.4 : Physical Properties of Mg Alloys at Room Temperature [1,6,18]. 
Alloy /Property AZ31 AZ61 AZ91 AM50 AM60 
Density (g/cm3) 1.78 1.80 1.81 1.77 1.80 
Solidus (ºC) 605 525 470 565 565 
Liquidus (ºC) 630 620 595 620 615 
Coeff. of thermal  
Expansion x106  
27 27 27 26 26 
Thermal conductivity     
(W/mK) 
77 80 54 65 61 
Electrical resistivity            
(µ ohm/cm3) 
10 13 14 13 13 
Specific heat (cal/g/ºC) 0.25 0.25 0.24 0.24 0.24 
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2.1.6 Structural applications of magnesium alloys 
There is an increasing interest in application of magnesium alloys depending on its 
special properties as lower density. Magnesium is the lightest structural metal with a 
density of 1.74 g/cm3. However, Al is ~% 50 heavier. Structural application areas 
are; electronics as portable devices, laptops, cell phones, hand tools; sports 
equipments as tennis rackets, bicycle frames, archery bow handles; household items 
such as sewing machines, saws; and glasses [1-6]. Some of these parts are shown in 
Figure 2.6 which are mainly cast parts. Moreover, magnesium alloys are mostly used 
for transportation industry in automotives as interior components such as steering 
wheel and steering column components, inner door frames, seat parts, instrument 
panels, brake/clutch pedal brackets, radio frames and as some powertrain 
applications [1,23,30-32]. Examples of these automotive applications are given in 
Figure 2.7. Moreover, magnesium alloys were historically used in defense industry 
as missiles, aircrafts, shelter frames, brackets and wheels [1]. 
 
Figure 2.6 : Structural applications of magnesium alloys [5, 23-28]. 
 
Figure 2.7 : Structural magnesium alloy parts used for automotive industry [29,5]. 
VW AG 
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2.1.7 Magnesium wrought alloy application 
Magnesium is also used in wrought product form such as extrusions (Figure 2.8), 
forgings, sheet and plate other than castings. Applications are bakery racks, loading 
ramps, hand trucks, computer printer platens and nuclear fuel element containers. 
Since magnesium has high dimensional stability and it is easy to machine, it is 
widely used for making jigs and fixtures [1-6,34]. 
 
Figure 2.8 : Magnesium parts produced by extrusion [33,34]. 
In the printing industry, wrought magnesium alloy plates are used as photoengraving 
plates since magnesium etches rapidly by most acids (Figure 2.9) [35]. Moreover, its 
by-products are less hazardous than alternative materials. It is also used in dry cell 
and reserve cell batteries mostly for military applications [1]. 
 
Figure 2.9 : Wrought magnesium alloy plates are used for photoengraving [35]. 
Historically, the peak of wrought magnesium production was during World War II 
and it was for aircraft industry. During that time, thousands of tons of magnesium 
sheet were produced each month and used in airplanes. Several airplanes were made 
of all magnesium including the German Arado 196 and the US XP56 and F-80. The 
parts were extrusions, sheet and castings. Several other airplanes used large amounts 
of magnesium sheet [36]. Mg sheets were widely used until 70's in commercial 
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airplanes too. Examples are Boeing 707, 727, 737 and 747, Sikorsky, Bell/Augusta, 
and military B36, B52 and B29. They were also used as missile structures and 
satellites by machining, riveting and welding [1,6]. In the US, most of the 
magnesium sheets were rolled on rolling mills developed for other metals in the 
beginning. After that, Dow built the magnesium fabrication mill at Madison, Illinois 
(after that named as Spectrulite Consortium and now Magnesium Elektron). Brooks 
and Perkins also built a rolling mill in 1952 [36]. 
2.1.8 Application of wrought magnesium alloys for the automotive industry 
There have been applications of wrought magnesium alloys in the automotive 
industry as extrusion and forgings as shown in Figure 2.10a and 2.10b sheets as 
shown in Figure 2.10c, d and e. These products are mostly produced as prototypes; 
however, there are some examples of application of wrought alloys in the automotive 
industry in the history especially in the racing cars. Examples are German bus 
trailers, and Bugatti 57 Atlantic (1939), LeSabre, Maserati (1930), Mercedes 300-
SLR (1955), Era-Bristol, Porsche 962 and Corvette (1961) cars [32]. 
There are several magnesium wrought alloy parts that can be adapted to future 
automotive parts. Table 2.5 summarizes the potential application of wrought 
magnesium components in automotive interior, body and chassis areas [15]. 
When cost is not critical, magnesium alloys can be used as wrought alloys and also 
as in composite form. A good example of application of high-tech magnesium alloy 
combination where a 1 liter (1 liter fuel consumption in 100 km) prototype car is 
produced. This car is only 227 kgs and produced mainly from light alloys such as 
magnesium alloys as in cast and wrought, aluminum alloys, titanium alloys and 
carbon fiber composites [37]. 
Prototype sheet magnesium hoods were made by GM as early as 1952 for the Buick 
LeSabre and later for a 1961 Chevrolet Corvette concept car. The bonnet of the 3l-
Lupo is an example (Figure 2.10d) [23]. Recently, a door inner was made from 
AZ31B-H24 sheet by GM using superplastic forming at 475°C. Some prototype parts 
including hoods and fenders were made in Germany using warm stamping. The 
prototype hoods showed similar crush test results compared to the aluminum design. 
Despite these successes, current magnesium sheet and manufacturing processes 
remain too costly for volume production [31,38]. 
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Figure 2.10 :  Applications of wrought magnesium alloys in the automotive industry 
as a) forged b), c), d) sheet and e) hot formed parts. 
e) Hot-formed magnesium wrought alloy sheets as automotive parts [43]. 
d) Magnesium wrought alloy sheet as a 
hood [23]. 
c) Superplastic formed magnesium 
wrought alloy sheets as automotive 
parts [42]. 
b) Magnesium wrought alloy sheet as a 
hood [40,41]. 
a) Forged magnesium wheels [39]. 
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Table 2.5 : Potential automotive application of wrought magnesium parts [15]. 
 
Some magnesium alloy automotive parts made from magnesium are shown in   
Figure 2.11, according to their light weight benefits and their costs. In terms of cost, 
a position to the left is the aim. The highest efficiency is represented by as high a 
positioning as possible, and in this respect, magnesium sheet is very well placed. 
Further improving the cost-attractiveness of magnesium sheet will make it a 
candidate for car bonnet applications [44]. 
 
Figure 2.11 : Light weight benefit and cost situation [44]. 
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2.1.9 Magnesium alloy phase diagrams 
Magnesium has HCP crystal structure which has an Atomic number of 12 and stays 
in Group II in the periodic table. Solid solution hardening and precipitation 
hardening are the two main hardening mechanisms of magnesium alloys.          
Figure 2.12-2.14 show common Mg-Al phase diagram and calculated phase 
diagrams for AZ31 alloy and Mg–Al–Zn–Mn system. Mg-Zn, Mg-Mn and other Mg 
ternary phase diagrams are given in the Appendix section. 
 
Figure 2.12 : Mg-Al Phase Diagram [45]. 
 
Figure 2.13 : Calculated phase diagram for the alloy AZ31 using a Thermotech 
database [46]. 
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Figure 2.14 : Mg-rich part of the phase diagram of the Mg–Al–Zn–Mn system [47]. 
General effects of elements (Al, Mn and Zn) used in magnesium alloys are given in 
Table 2.6. Related specifications for magnesium alloys, the physical and mechanical 
properties of magnesium and magnesium alloys are also given in the Appendix 
section. 
Table 2.6 : General effects of elements used in magnesium alloys [4]. 
 
2.1.10 Mg wrought alloy selection 
As Al and Zn content of Mg alloys are increased, both strength and hardness increase 
as given in Table 2.7 and Figure 2.15 [4,6]. From Figure 2.16, it is also observed 
that, 9 % Al gives the best strength and 3 % Al gives the best ductility [2]. It is 
known that as the Al content is increased, stress corrosion cracking resistance 
decreases. Moreover, to break down the dentritic cast structures of Mg-Al alloys 
having high Al amounts is difficult. Therefore, high Al content composition Mg 
alloys are not preferred for conventional sheet production. Similarly, as Zn 
compositon is increased strength is increased and ductility is decreased. Furthermore, 
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high Zn content Mg alloys have hot shortness and weldability problems. Mg AZ31 
alloy is the most common sheet alloy because of these reasons [2]. 
Table 2.7 : Solid Solution Strengthening Effect of Solutes [6]. 
Solution Yield Strength % increase 
for each wt% of solute 
Hardness % increase for 
each wt% of solute 
Al 25 8 
Zn 45 7 
 
 
Figure 2.15 : Solid solution strengthening of binary Mg-Al and Mg-Zn alloys [4]. 
 
Figure 2.16 : Phase diagrams of Mg-Al and Mg-Zn alloys, and effect of Al and Zn 
content on strength and ductility of Mg Alloys [2]. 
2.1.11 Effects of alloying elements and cooling rates on casting structure 
Depending on the alloy content and cooling rate, several eutectic morphologies can 
be produced in Mg-Al alloys (Figure 2.17). As aluminium content approachs to the 
eutectic composition (33 wt% Al) lamellar (Figure 2.17a) or fibrous (Figure 2.17b) 
eutectic microstructures are observed [48-50]. If aluminium content is smaller than 
10 wt%, as in the commercial alloys, eutectic morphologies are mostly named as 
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fully divorced or partially divorced (Figure 2.17c-d). A fully divorced morphology 
(Figure 2.17d) is formed when two eutectic phases are completely separated. 
Interdendritic regions are consisted from β-Mg17Al12 particles and are bounded with 
α-Mg that grew from the primary dendrites. Similarly, a partially divorced eutectic 
structure (Figure 2.17c) is formed with eutectic α-Mg islands inside the intermetallic 
β-Mg17Al12 phase. However, most of the α-Mg is still outside the Mg17Al12          
area [49-50].  
 
Figure 2.17 : a) Lamellar, b) fibrous, c) partially divorced and d) fully divorced 
morphologies in Mg-Al alloys of various compositions [49-50]. 
Fully divorced structures are seen at high cooling rates such as in die-casting, while 
partially divorced structures are formed at lower cooling rates [48-51]. Moreover, 
decreasing the Al wt% favours a more divorced morphology in Mg-Al alloys. 
However, this is not always true in more complex Mg alloys systems due to addition 
of different ternary additions. Moreover, fully divorced morphologies are seen in 
Mg-alloys with low amounts of alloying additions [48-51]. 
High volume fraction of primary dendrites restricts eutectic solidification to small 
regions between dendrite arms and adjacent dendrites and forms partially or fully 
divorced eutectic solidification [48-51]. When the interdendritic regions are small, a 
relatively small undercooling for nucleation and growth of the intermetallic phase is 
sufficient to cause solidification of practically all of the interdendritic liquid to occur 
outside the coupled zone, producing fully or partially divorced morphologies. 
Furthermore, if a large number of regions of interdendritic liquid become isolated 
from one another, nucleation of the intermetallic phase is required in each of these 
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regions and these regions are more likely to solidify with a fully divorced 
morphology, since the undercooling required for nucleation is larger than the 
undercooling required for growth [48-51]. 
Generally, high cooling rates produce more highly branched dendrites and trap the 
eutectic liquid into smaller, more isolated spaces. High cooling rates also increase the 
average undercooling required for nucleation of the intermetallic phase and for both 
of these reasons, the eutectic is frequently more divorced at higher cooling            
rates [48-51].  
In Figure 2.18, the effects of aluminium content, zinc content and cooling rate on 
eutectic morphology are shown for Mg-Al alloy. As the aluminium content is 
increased or the zinc content and cooling rate are decreased the eutectic morphology 
becomes less divorced [51].  
 
Figure 2.18 : The effect of aluminium content, zinc content and cooling rate on 
eutectic morphology in permanent mould cast hypoeutectic Mg-Al 
alloys [51]. 
 
When zinc is added to magnesium-aluminum alloys, the magnesium-aluminum 
eutectic takes a completely divorced form. Big particles of Mg17Al12 compound or of 
(Al,Zn)49Mg32 compound (if the ratio of zinc to aluminum exceeds 1 to 3) are 
surrounded by magnesium solid solution [52]. In an alloy where there is no zinc, the 
eutectic forms as a massive compound, which contains islands of magnesium solid 
solution. However, in an alloy that contains zinc, a divorced eutectic morphology 
forms [52]. 
In addition to the eutectic precipitates (Figure 2.19a), discontinuous precipitation can 
also form due to slow cooling rate in solid state (Figure 2.19b-c and Figure 2.20). On 
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the contrary, no discontinuous precipitation occurs in die castings since there are 
high cooling rates (Figure 2.19d) [6]. In Figure 2.20, grain boundary coarse particles, 
the lamellar colonies of discontinuous precipitation and two types of intragranular 
continuous precipitates; plates and plaques are shown for AZ91 alloy. 
 
Figure 2.19 :  The microstructure of AZ91D a-c) ingots, d) die casting [6]. 
 
 
Figure 2.20 : The major second phase in Mg-Al alloys, β-(Mg17Al12), exists in 
several distinct morphologies in AZ91: a) grain boundary coarse 
particles, the lamellar colonies of discontinuous precipitation and two 
types of intragranular continuous precipitates; b) plates and c) plaques 
[53,54]. 
The diagrams showing solidification steps of AZ and AM alloy ingots and die 
castings are given in Figure 2.21. 
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Figure 2.21 : Solidification steps of AZ and AM alloys [6]. 
It is also worthwhile to state that the existence of Mg17Al12 particles along the grain 
boundaries and discontinuous precipitation of Mg17Al12 contributes to low creep 
strength, since they assist grain boundary sliding and intergranular cavitation. In 
addition, the divorced structure has adverse effects on the ductility of Mg-Al     
alloys [50]. 
2.1.12 Heat treatment of magnesium alloys 
Magnesium alloys are usually heat treated for improving mechanical properties and 
as parts of fabricating operations. The type of heat treatment selected depends on 
alloy composition and form (cast or wrought), and on service conditions [52]. Some 
of main heat treatment operations will be summarized below. 
2.1.12.1 Homogenization  
Homogenization heat treatment is done to reduce microsegregation, to remove non-
equilibrium, low melting point eutectics and to control precipitation of excess 
concentrations of elements that are dissolved during solidification [4]. 
Homogenization is a process of diffusion of alloying elements from grain boundaries 
and other solute-rich regions to grain centres. Diffusion distances such as grain size 
(or dendrite arm spacing) and the rates of diffusion of the alloying elements has 
affect on the homogenization time needed. Raising temperatures increases diffusion. 
Increasing the homogenisation temperature by 50°C reduces the furnace time to 
approximately one third of that needed at the lower temperature. Generally, 
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homogenization times usually vary from 6–24 h especially for aluminum alloys 
depending upon casting conditions and the alloy system [4]. 
For magnesium alloys, in order to ensure the dissolution of Mg17Al12 phase in the 
eutectic, slabs are first homogenized. After that, they are hot rolled. The phase 
diagrams show the binary Mg-Al eutectic to be 436°C, and for AZ31 ternary eutectic 
is lower (Figure 2.12 and Figure 2.13). Therefore, for homogenization, the slabs can 
be heated to 400°C and held at this temperature for a minimum of one hour [46]. 
2.1.12.2 Solution treatment  
Solution heat treatment is performed to obtain complete solution of most of the 
alloying elements. It should ideally be carried out at a temperature within the single 
phase; however, magnesium alloys should not be heated above the solidus 
temperature [4].  
2.1.12.3 Artificial ageing 
Artificial ageing (precipitation heat treatment) is applied after solution heat 
treatment. It gives maximum hardness and yield strength, but toughness       
decreases [27]. This section will be explained in detail in the following Ageing 
Section. 
2.1.12.4 Annealing  
Wrought magnesium alloys can be annealed between 290 to 455°C, for one or more 
hours, depending on alloy (Table 2.8). Annealing increases ductility [52].  
Table 2.8 : Annealing temperatures for wrought magnesium alloys [52]. 
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2.1.12.5 Stress relieving of wrought alloys 
Residual stresses may be formed after cold and hot working, shaping and forming, 
straightening, and welding. Stress relieving heat treatment is performed in order to 
remove or reduce residual stresses induced in wrought magnesium parts. The 
recommended stress-relieving heat treatment temperatures and durations are given in 
Table 2.9 and Table 2.10 for wrought magnesium alloys.  
Table 2.9 : Recommended stress relieving heat treatments for wrought magnesium 
alloys [52]. 
 
 
Table 2.10 : Stress relief treatments for wrought magnesium alloys [45]. 
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2.1.12.6 Basic temper designations for magnesium alloys 
Table 2.11 summarizes basic temper designations for magnesium alloys. Most 
common tempers for AZ31 alloys are H24 (annealing at 150ºC for 60 min) and       
O-temper (annealing at 345ºC for 120 min) conditions [52]. Figure 2.22 gives 
microstructures of most common wrought alloy: Mg-AZ31 in H24 and O-temper 
conditions. It is observed that, the temper has big effect on the microstructure. 
Table 2.11 : Basic temper designations for magnesium alloys [52]. 
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Figure 2.22 : a) AZ31B-H24 sheet. Longitudinal edge view of worked structure, 
showing elongated grains and mechanical twins, which resulted from 
warm rolling of the sheet. b) AZ31B-O sheet. Longitudinal edge view 
of structure was recrystallized by annealing. Particles of manganese-
aluminum compound (dark gray) and fragmented Al12Mg17 (outlined) 
[55]. 
2.1.12.7 Protective atmospheres for heat treatment 
Magnesium alloys can be heat treated in air; however protective atmospheres are 
almost always used for solution treating [52]. Protective atmosphere minimizes 
surface oxidation. Moreover, it prevents active burning and adjusts proper 
temperature. Protective atmosphere gases are generally sulfur hexafluoride, sulfur 
dioxide, and carbon dioxide. Inert gases also may be used; however, inert gases are 
not practical because of their higher cost [52]. 
2.1.12.8 Quenching 
Magnesium alloy products normally are quenched in air after solution heat treatment. 
Still air is generally enough; however forced-air can be used for large parts. Water, 
glycol or oil can also be used as quenchants [52]. 
2.1.13 Ageing and microstructure 
As emphasized in Section 2.13.3 precipitation hardening due to artificial ageing 
increases yield strength. This is shown in Figure 2.23 for sand cast AZ63A and 
AZ92A depending on ageing temperature and time. 
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Figure 2.23 : Variation of yield strength with ageing time and temperature for sand 
cast a) AZ63A and b) AZ92A [52]. 
In the study of Nie et al. in AZ91 alloys, it is observed that, during isothermal ageing 
in the temperature range 100-300°C, the precipitation process involved the formation 
of relatively coarse particles of the equilibrium phase β (Mg17Al12), and the hardness 
increased  (Figure 2.28a). The β phase has a BCC structure and it form as plates on 
(0001) α [56].  
Samples of AZ91 were solution treated 24 h at 425°C, cold water quenched, then 
aged at 200°C. After that it is stated that, most precipitates had faceted lath 
morphology, with the broad surface parallel to (0001) α [56]. Figures 2.24b and c 
show projected images of the (0001) α laths in a sample aged 8 h at 200°C.  
 
Figure 2.24 : a) Age hardening response of alloy AZ91 in the temperature range 
100-200°C, and b-c) transmission electron micrographs showing 
distribution and morphology of β precipitates in samples aged for 8 h 
at 200°C. Electron beam is parallel to [0001] α [56]. 
The precipitates are relatively coarse and are sparsely distributed in the matrix   
phase [57]. Figure 2.25 shows transmission electron micrographs showing images of 
precipitate rods in samples of AZ91 aged for 8 h and 16 h at 200ºC. 
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Figure 2.25 : Transmission electron micrographs showing rods in samples of AZ91 
aged for a,b) 8 h and c) 16 h at 200ºC [57]. 
In the study of Celotto, ageing treatments were done in oil baths for temperatures 
between 50 and 200ºC and in a muffle furnace for 250-300ºC for AZ91 alloy. 
Dramatic increase of hardness was observed from age-hardening curves for AZ91 
aged at 70, 100, 150, 200, 250 and 300ºC (Figure 2.26) [58]. 
 
Figure 2.26 : Age-hardening curves for AZ91 aged at 70, 100, 150, 200, 250 and 
300°C [58]. 
Most of the continuous precipitates were thin plates lying parallel to the basal plane 
and were lozenge-shaped in the earlier stages of ageing, but developed into laths with 
further ageing [58]. Not all precipitates grew into laths and some asymmetric-
lozenges generally remained present in the microstructures. The major dimensional 
changes during ageing were an increase in length and width. The thickness did not 
increase significantly with ageing. Many precipitates became less angular and more 
irregular in shape with increasing time at temperature. Figure 2.27 and 2.28 show 
c 
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these observations. In Figure 2.27, TEM dark-field images of the continuous 
precipitate morphology for AZ91 aged at 200ºC for 2 h, 16 h, and 49 days are given. 
Similarly in Figure 2.28 TEM dark-field images of the continuous precipitate 
morphology are shown for AZ91 aged at: 100ºC for 10 000 h; 150ºC for 840 h; 
250ºC for 8.3 h; and 300ºC for 2 h. 
 
Figure 2.27 : TEM dark-field images of the continuous precipitate morphology for 
AZ91 aged at 200ºC: a) 2 h, b) and c) 16 h, and d) 49 days [58]. 
 
Figure 2.28 : TEM dark-field images of the continuous precipitate morphology for 
AZ91 aged at: a) 100ºC for 10 000 h; b) 150ºC for 840 h; c) 250ºC for 
8.3 h; and d) 300ºC for 2 h [58]. 
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Moreover, in situ observation of ageing process and new morphologies of continuous 
precipitates in AZ91 magnesium alloy was studied by J.P. Zhou group [59]. Figure 
2.29 gives a combination of different morphologies of formed precipitate structures 
such as rod-shaped particles and continuous precipitates. 
 
Figure 2.29 : TEM bright-field image shows that the rod-shaped particles (marked 
by A) coexist with the thin slices of the continuous precipitates of 
Burgers or (marked by B) in the same matrix grain, and that a Pitsch-
Schrader or continuous precipitate (marked as C) in AZ91 alloy aged 
for 8 h at 473 K [59]. 
2.2 Magnesium Casting 
In this thesis, basic casting methods for magnesium alloys will not be explained since 
it is not the main subject; however, crucible materials, protective gases, safety 
precautions and mold materials for magnesium casting will be explained in the 
following sections. 
2.2.1 Crucible materials 
Possible crucible materials for melting of magnesium alloys are; wrought or cast iron 
(preferably with an outer nickel layer to reduce scaling) since iron does not react 
with magnesium and, low carbon (less than 0.12 % C) or low alloy steels (low 
chromium). Nickel and copper amounts must be less than 0.10 wt% since they 
decrease corrosion resistance of magnesium alloys [60,61]. 
2.2.2 Protective gases 
A protective gas should be used for melting of magnesium to prevent burning and 
oxidation. There are a few available gases used such as:  
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1. Sulfur hexafluoride SF6: SF6 is a colourless, odourless gas. SF6 is normally used as 
mixed with a carrier gas (air, CO2, argon or nitrogen). The SF6 amount can be min. 
0.5% (vol.) [61].  
2. Sulfur dioxide SO2: Sulfur dioxide is toxic and concentration is mostly 0.5-0.7% 
(vol.) in dry air [61]. 
3. Hydrofluorocarbon gas 1,1,1,2-tetrafluoroethane HFC-134a: This is a new and 
environmentally friendly gas. Mostly used as 0.5-0.7% (vol.) in dry air [61]. 
4. Magshield system: BF3 is a toxic gas. It can be used 0.4-0.8% (vol.) in dry air [61].  
2.2.3 Safety precautions 
When moisture comes in contact with molten magnesium, it generates hydrogen, a 
potential source of explosion. Certain minimum precautions must therefore be 
observed: Ladles, tools, and anything that will come into contact with molten 
magnesium must be completely dry and preheated [2,60,61].  
2.2.4 Tip-mold Mg reactions 
Molten magnesium will react with many materials, especially those containing silica. 
Therefore the materials for the melting furnace, launder system and nozzle need to be 
chosen to avoid such reactions [61]. 
For green sand or sand gassed with carbon dioxide to aid bonding, sulphur is used, 
whereas for synthetic sands compounds such as KBF4 and KSiF6 are also added. 
Boric acid is also used for some sands, both as a moulding aid and as a possible 
inhibitor through its tendency to coat the sand grains [61]. 
Zhang et al. used the thermodynamic data of refractory materials commonly used in 
shell moulds, and observed that magnesium would react with silica, zirconia, and 
alumina at the temperature range of 20-1000°C. The rank of the free energy of the 
materials is in the order with increasing in the following sequence: MgO, Al2O3, 
ZrO2, and SiO2 (Figure 2.30 and 2.31) [62]. 
To restrict mould magnesium reactions, inhibitors have been used especially for sand 
casting and plaster mould casting. The inhibitors are mainly sulphur, boric acid, 
potassium fluoborate, and borofluoride compounds [2,62]. 
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Figure 2.30 : Standard free energy of formation of oxides (at room temperature) vs. 
oxide melting point (MgO and Y2O3 are among the most stable 
oxides.) [61]. 
All known processes including investment casting can be used for production of 
magnesium castings. However, there are only a limited number of investment 
foundries, which are casting magnesium at this moment [61].  
At magnesium melting temperature, MgO is one of the most stable oxides. Some 
oxides despite being very stable; may have other properties, which make them 
difficult to use in any application. For instance; BeO - toxic dust, human carcinogen, 
ThO2, UO2 - radioactivity, CaO, BaO, SrO - slaking susceptibility, La2O3, Y2O3, 
CeO2, HfO2, ThO2, UO2 , BaO, BeO, and SrO are expensive [61]. 
The most standard ceramic metarial for the investment casting process is zircon 
(ZrSiO4). Fused silica or molochite (alumino-silicate) can also be used [61]. Mold-
metal reactions between investment cast magnesium alloy AZ91E and different 
refractories used as face-coats in the molds were investigated by Cecil. Excellent 
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reaction resistance was noticed by Cecil in the case of fused magnesia and yttria 
face-coated shells. Fused alumina and zircon face-coats also showed good resistance. 
Molochite and zirconia provided moderate to poor reaction resistance. Strong mold-
metal reactions were observed in the case of fused silica. Mold-metal reactions were 
reduced effectively by dipping the ceramic shell in a solution of NaBF4 before 
casting. It was found by Cecil that NaBF4 could have an inhibiting influence on 
mold-metal reactions in ceramic shells during magnesium casting (Figure 2.32) [61]. 
 
Figure 2.31 : Free energies of formation of simple oxides vs temperature [61]. 
 
Figure 2.32 : Picture showing mold-magnesium reactions for different mold 
materials [61]. 
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2.3 Continuous Casting Method 
Continuous casting is used in primary metals production for more than a century. 
Continuous casting of both ferrous and nonferrous metals has increased in the last 
decades [60]. A substantial increase in yield, more uniform product, energy savings, 
and higher main power productivity are main advantages of continuous casting 
process [60]. Continuous casting processes are applied to over 500 million tons of 
steel, 20 million tons of aluminum, and 1 million tons of copper, zinc, lead, nickel, 
and other metals in the world every year [63-72]. 
In continuous casting method, molten metal is transformed into solid on a continuous 
basis in an efficient way [63]. Different types of continuous casting processes as 
shown in Figure 2.33 are; vertical, curved, horizontal and strip casting.    
 
Figure 2.33 : Different types of continuous casting processes [63]. 
The purpose of continuous casting is to cast a product that is directly rollable on 
finishing mills instead of the ingot form as a product of conventional casting. 
Continuous casting process results in improvement in yield, surface condition, and 
internal quality of product when compared to conventional casting [60]. 
Continuous casting involves consecutive operations. The process starts with carrying 
liquid metal into the casting strand and it flows through a distributor (tundish) into 
casting mold. Then cast section takes up formation in a cooled mold. After cooling it 
is withdrowed from the mold continuously. Furthermore, heat removal solidifies the 
liquid core by water spraying. At the end, cast sections are cut for certain          
shapes [60]. 
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2.3.1 Historical aspects of continuous casting 
One of the earliest applications of continuous casting was made by George Sellers in 
1840 for lead [60]. The first application on steel was by Sir Henry Bessemer in 1846. 
He also patented a process for "manufacture of continuous sheets of iron and      
steel" [60]. 
Following historical big steps in continuous casting technology are commercial 
production of continuously cast brass billets in 1930s in Germany by Sigfried 
Junghans; continuous production of brass plates by Scovill Manufacturing in the 
United States and semicontinuous casting of aluminum alloys by the Vereinigte 
Leichtmetallwerke in 1936 [60].  
After World War II, commercial production of continuous casting of steel began with 
pilot plants at Babcock and Wilcox Company (United States), Low Moor (Great 
Britain), Amagasaki (Japan), Eisenwerk Breitenfeld (Austria), BISRA (Great 
Britain), Allegheny Ludlum Corporation (United States) and stainless slabs in the 
Soviet Union and Canada (the latter at Atlas Steels) [60]. 
Main continuous casting process tecnologies are developed by Aluisse, Alcoa, 
British Aluminum, VAW, Pechiney, SCAL, Hazelett, Technica-Guss, Properzi, 
Southwire, Wertli, White Pine Copper Company, Outokumpu, General Electric, 
Battelle, Monsanto, Concast, Koppers, Mannessmann, Demag, Mitsubishi, Sack, 
Voest-Alpine, Continua, Danieli, Rokop, Technician Corporation, General Motors, 
SCEC, CRM, Dow Chemical, Fata-Hunter and Novelis [60].  
Continuous casting process applications can be divided into two concepts as: 
continuous casting of steel and nonferrous alloys: aluminum, copper and magnesium. 
2.3.1.1 Continuous casting of steel  
The idea of the continuous strip casting for steel was first used by Bessemer in 1858. 
However, the continuous casting of steel did not extend until the 1960s [63]. Typical 
curved type of continuous casting process for steel is shown in Figure 2.36. The 
other types of continuous casting machines in use include; vertical, vertical with 
bending, curved or S-strand with either straight or curved mold, curved strand with 
continuous bending, and horizontal. The sections continuously cast for long products, 
such as beams, rails or wire rod [60]. 
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Figure 2.34 : Typical curved type of continuous casting process for steel [73]. 
2.3.1.2 Continuous casting of aluminum  
There are various types of continuous casting processes that commercially produce 
aluminum alloys. The casting process for aluminum depends on the direct-chill 
process with vertical (was patented by Alcoa in 1942) or horizontal types [60].  
The first patent for continuous casting of aluminum alloys was done by Properzi in 
1948 by the wheel/belt caster to produce aluminum wire. Moreover, slab casters 
were produced by Rigamonti, Pechiney, Alcan, and Hunter Douglas in the         
1950s [74]. Hazelett developed a twin-belt casting process that used mild steel belts 
and water cooling to make a wide, thick slab as summaried in Table 2.12 [75]. 
Table 2.12 : Types of aluminum continuous casters, manufacturer, strip dimension, 
productivity and capacity [75]. 
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2.3.2 Twin roll casting method 
Twin roll casting (TRC) method is most common type of casting in traveling mold. 
Other types of casting in traveling mold are single roll caster, twin belt caster, block 
caster and rotary caster [76,77].  
Twin roll casting process starts with feeding the melt into the gap between two 
rotating water-cooled rolls. The melt cools down and solidifies between them. 
Additionally the solid strip exerts hot rolling with the thickness reduction of about   
5-20 %. There are three possible configurations of twin-roll casters. These are; 
vertical downward casting, vertical upward casting and horizontal casting        
(Figure 2.35) [76].  
In horizontal twin roll casting (HTRC), the water-cooled roll shells are made of steel, 
brass, copper or copper-nickel alloys. Sticking between the roll and the solidified 
strip is prevented by means of a parting agent applied to the roll surface. The agent 
contains graphite or magnesium hydroxide for aluminum alloys (Figure 2.36) [76]. 
Twin-roll casting process provides extremely high cooling rate (i.e. 550ºC/s). Fast 
cooling allows reaching high casting rate, which is 0.9-38 m/min for aluminum 
alloys and 5-460 m/min for steels [76]. 
 
Figure 2.35 : Configuration of twin-roll casters: a) horizontal twin-roll caster,         
b) vertical downward twin-roll caster and c) vertical upward twin-roll 
caster [76]. 
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Figure 2.36 : Roll gap area and lubrication system in HTRC [75]. 
2.4 Magnesium Twin Roll Casting Systems 
There is increasing interest in using magnesium alloys for various applications in 
electronics and transportation industries [1-7]. Application of wrought magnesium 
alloys especially in the form of sheet is limited due to the price of conventional 
rolling product. However, the demand for decreasing the magnesium sheet prices is 
high and can be met through twin roll casting [23]. 
Magnesium alloys have a poor ability of plastic deformation at room temperature. 
Due to this, the conventional magnesium sheet production is as follows: melting → 
ingot → homogenization → milling → heating → hot rolling (multi-heating) → 
warm rolling (multi-heating) → cold rolling → finish annealing (Figure 2.37 and 
2.38) [78]. 
With conventional magnesium sheet production, the starting material is a slab with a 
thickness of about 100-250 mm. The magnesium alloy slab has to be rolled many 
times with small amounts of deformation passes at each step and intermediate 
annealings to produce sheet material. This multi-step process is not cost-effective in 
terms of time and energy. Moreover, the rate of finished products is less than          
40 % [78]. 
Consequently, the application of magnesium alloy strips has been limited to a great 
degree. Therefore, twin roll casting (TRC) is focused on due to its potential for 
relatively low-cost production [43,78].  
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Figure 2.37 : a) Convetional magnesium sheet production process and b) twin-roll 
strip casting process [14]. 
 
Figure 2.38 : Comparison between Mg sheet manufactured by conventional and the 
new TRC method [43]. 
Besides being such a cost-effective process, twin-roll strip casting also has beneficial 
effects on the microstructure. Twin-roll strip casting helps to decrease the 
segregation, improves the inclusion size distribution and refines microstructural and 
textural homogeneity. Moreover, it leads to faster solidification, better homogeneity, 
finer microstructure, improved solubility and improvement of precipitation [43,44]. 
Magnesium alloy thin strip casting involves three kinds of technologies such as: 
single roll casting, horizontal twin roll casting which has been used successfully for 
the industrialization of aluminium alloy thin strips (Figure 2.39), and vertical twin 
a) 
b) 
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roll casting which has been used successfully for the development of steel thin   
strips [43,44]. 
Vertical casting is common for the production of many kinds of metal alloy strips. 
However, horizontal casting is preferred more for aluminum and magnesium alloys 
since in horizontal casting: controlling molten metal pool and thermal balance are 
easier, maintaining the balance between the outward flows of the melt out of the 
nozzle and rolling force constraints is easier, designing side sealing and width 
variation are easier and manageing the strip deflection is easier [43,44]. 
 
Figure 2.39 : Horizontal twin roll strip casting-rolling pilot line [43]. 
In horizontal twin roll casting, the rolls are vertically spaced. Their axes are usually 
inclined at an angle of about 15 degrees especially for casting light allloys [66,67]. 
With this inclination, the lower roller is displaced downstream, relative to the upper 
roller, with respect to the direction of alloy feed to and beyond the bite [79,80]. This 
design is stated to be for better cast strip quality, easier operation and better uptime 
(Figure 2.40) [66,67]. Moreoever, this allows the molten metal to flow into the caster 
in a smooth and non-turbulent manner [77]. 
 
Figure 2.40 : Schematic represantation of Fata-Hunter caster [77]. 
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In twin roll casting of magnesium alloys, there are several problems which need to be 
overcomed. First of all, magnesium alloy melts tend to oxidize and may catch fire. 
Secondly, magnesium alloys have a thermal capacity such that, relative to aluminum 
alloys, they tend to freeze quickly [79,80]. Also, again relative to aluminum alloys, 
some magnesium alloys such as AM60 and AZ91 have a considerably larger freezing 
range (temperature gap between the solidus and liquidus temperatures). The range is 
about 70 to 100ºC or higher for magnesium alloys, compared with about 10 to 20ºC 
for many aluminium alloys. The large freezing range increases surface defects and 
internal segregation defects in twin roll cast sheet in the as-cast condition [79,80]. It 
is known that TRC casting generates surface defects and segregation. There have 
been several investigations about defects occured in twin roll casting especially for 
aluminum alloys [81-86] 
The extent of superheating necessary in twin roll casting of magnesium alloys is 
similar to that required for aluminium alloys. For aluminium alloys, superheating is 
to a level of about 20 to 60ºC, above the alloy liquidus, compared to the 15 to 35ºC 
for magnesium alloys with lower levels of alloy additions or 35 to 60ºC for 
magnesium alloys with higher levels of additions [79,80].   
Alloy contacting the surface of each roll drops rapidly in temperature to below the 
solidus but, as solidification proceeds through to the centre of strip being formed, 
cooling is less rapid. To avoid segregation, the sheet surface temperature should be 
below 400ºC after exiting from the rolls [79,80].   
For aluminium alloys, a specific load of 300-1200 kg/mm is common. The thickness 
reduction is 20-25 %. In magnesium alloys thickness reduction is generally 4-9 %. 
Moreover, specific load is mostly 100-500 kg/mm [79,80].   
2.4.1 Historical development of magnesium twin roll casting systems 
Dow worked with Hunter Engineering in early 1980’s to develop a strip casting 
process for magnesium alloy. The liquid magnesium is supplied to a special set of 
rolls on the caster and the strip casting of magnesium is started (Figure 2.41) [36,67]. 
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Figure 2.41 : Coil of twin roll cast magnesium being wound on a FATA Hunter twin 
roll caster by DOW Magnesium [67]. 
Investigations on magnesium continuous casting have been mainly in the USA 
(Hunter, Dow) [36,67], Australia (CSIRO, MIL) [78-80,87-102], Republic of Korea 
(POSCO Co. Ltd., RIST, Seoul National University, Pohang University of Science 
and Technology, University of Seoul, Korea Institute of Materials Science, Korea 
Institute of Machinery and Materials, Inje University, Pusan National University) 
[14,103-134], Germany (Thyssen Krupp MgF Magnesium Flachprodukte GmbH in 
Freiberg/Saxony, Technical University Bergakademie Freiberg, University of 
Hanover, RWTH Aachen University) [43,44,135-145], Japan (Mitsubishi Aluminum 
Co. Ltd., Osaka Prefecture University, Gonda Metal Industry Co., Ltd.,  Advanced 
Technologies, Inc., Sumitomo Electric Industries, Ltd., Gunma University, Osaka 
Institute of Technology, Nippon Institute of Technology, Waseda University, Oyama 
National College of Technology) [146-178], China (Luoyang Copper Co., Fuzhou 
Huamei New Technology Development Co. Ltd., Chongqing University, Southwest 
Aluminium Group, Northeast University, General Research Institute of Nonferrous 
Metals, Anshan University) [78,179-194], Norway (Hydro) [46,195],                     
UK (Brunel Centre for Advanced Solidification Technology (BCAST), Brunel 
University) [196-206] and Canada (McGill University) [207]. 
Wider Mg twin roll casted sheets are as follows: in CSIRO, magnesium alloy strips 
(AZ31, AZ61, AM60, and AZ91 alloys), having a width of 100-600 mm and 
thickness of 2.3-5 mm have been produced [92-94]. POSCO Magnesium produces 
530-600 mm wide, 0.4-4.3 mm thick AZ31 sheet or coils [14]. Thyssen Krupp MgF 
Magnesium Flachprodukte GmbH produced sheets up to 700 mm wide and 4.5-7 mm 
thick [43,92-95]. In Japan, AZ31, AZ61, AZ91, AM50 and AM60 strips were 
produced with 4-5 mm thickness and up to 250-470 mm width [146-178]. In China, 
1.0-2.0 mm thick, 150 mm wide; 2.0-8.0 mm thick, 400 mm wide; 0.5-8 mm thick, 
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600 mm wide; 2-8 mm thick, 200-600 mm wide and 7 mm thick, 800 mm wide Mg 
strips were produced by both horizontal and vertical twin roll casting processes 
[78,179-194]. Hydro, Norway twin roll casted MgAZ31 alloy strips with 4.5 mm 
thickness and up to 410 mm width [46]. In BCAST-Brunel Centre for Advanced 
Solidification Technology, Brunel University, United Kingdom, 2-8 mm thick 
AZ91D, AZ61 and AZ31 Mg alloy strips were produced by both TRC and MC-TRC 
(melt conditioned twin roll casting) processes with roll width of 350 mm [196-206]. 
Moreoever, there are lots of smaller width laboratory scale processes those were tried 
especially in Republic of Korea, Japan, China, Germany, UK and Canada. In the 
following sections, magnesium twin roll casting methods from different countries 
will be explained in detail. 
2.4.2 Australia 
2.4.2.1 CSIRO 
Commonwealth Scientific and Industrial Research Organisation (CSIRO), Australia 
has been developing technology to cast magnesium alloy sheet since 2000. 
Previously, Magnesium International Limited, MIL, signed an exclusive term sheet 
with the CSIRO to commercialise CSIRO’s process in May 2003 and MIL got first 
commercial purchase order in 2005 [88,89]. Currently, CSIRO is looking for a 
partner [90]. CSIRO Researchers (Daniel Liang and others) received U.S. Patent No. 
7,028,749, titled "Twin Roll Casting of Magnesium and Magnesium Alloys," in 2006 
[80,87]. Diang et al. also have patents: WO2004/020126 “Twin roll casting of 
magnesium and magnesium alloys”, 11 March 2004, WIPO Patent; and 
WO2004/076097 “Magnesium Alloy Sheet and its Production”, 10 September 2004, 
WIPO Patent [79,91]. 
In CSIRO, magnesium alloy strips from different alloys such as AZ31, AZ61, 
AM60, and AZ91 alloys, having a width of 100-600 mm and thickness of 2.3-5 mm 
have been produced (Figure 2.42). These samples were rolled down to 0.5-0.6 mm 
[92-94]. Comparison of AZ31B tensile properties between the commercial sheet 
materials and CSIRO sheet produced by twin roll casting and finish rolling is given 
in Table 2.13. Yield strength of 213 MPa, ultimate tensile strength of 288 MPa and 
elongation values of 21 % were reached after twin roll casting and finish rolling of 
Mg AZ31B sheets [95]. Yield strength and UTS of twin roll casted, homogenized 
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(450ºC for 24 h), aged (200ºC for 24 h) and rolled AZ91 sheet was 239 MPa and   
321 MPa respectively [96]. 
The extent of superheating was about 15-60ºC above the liquidus temperature. The 
specific load applied to the rolls was 100 to 500 kg/mm which results in a thickness 
reduction of from about 4 % to about 9 %. The rolls rotate at different directions with 
internal fluid cooling. The set-back, which also varies with the diameter of the rolls, 
was in the range of about 12 mm to about 17 mm for rolls having a diameter of about 
185 mm. For rolls having a diameter of about 255 mm, the set-back was from about 
28 to about 33 mm. With the modified form of nozzle, the set-back was less than 
about 7 mm, such as from 2 to 4 mm. Hot air was blown into and through the 
tundish, and then through the nozzle so as to exit from the nozzle outlet. SF6/dry air 
mix and 2 to 6 volume %, of a hydrofluorocarbon (HFC-134a) was used as 
atmosphere control gases [79]. Secondary dendrite arm spacing (SDAS) was         
3.5-9 µm for AZ31 and 7-9 µm for AZ91, giving a cooling rate of 100-2000 K/s [96]. 
Figure 2.43 shows the microstructure of as-cast AZ31 sheet. Authors observed 
intermetallic secondary phases at a size of around 1 µm compared to 25-50 µm size 
in the magnesium alloys produced by conventional processes. They state that this is 
due to rapid solidification occured in TRC [79]. 
Researchers applied a homogenization heat treatment between 350ºC and 420ºC for 
2-18 hours. Sheets were hot rolled at 345ºC and 420ºC with a roll speed of 18 m/min. 
Before and between each pass specimens were heated at 420ºC for 30 min. 
Reduction per pass was 20-25 % [91]. Grain sizes after hot rolling were around        
9-10 µm [96]. 
Table 2.13 : Comparison of AZ31B tensile properties between the commercial sheet 
materials and CSIRO sheet produced by twin roll casting and finish 
rolling [95]. 
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Figure 2.42 : Twin roll strip casting process and coiled AZ31B strip of 2.5mm 
thickness in CSIRO, Australia [95,97]. 
The authors observed a “banded” structure after hot rolling. They observed the 
banded structure mostly when they applied a pre-rolling annealing heat treatment at 
350ºC instead of 420ºC. When the samples were annealed at 420ºC, the grains were 
uniform in grain size; however, the grain size was larger. They stated that changing 
the annealing time from 2 to 18 hours did not change the banded structure much [91]. 
Researchers also studied cold “finish” rolling of the sheets after hot rolling. 14-27 % 
reduction per pass was applied and between each pass. Sheets were annealed at 
350ºC for 60 min or at 420ºC for 30 min [91]. They achieved grains of 3-10 µm in 
size with an average grain size of 5 µm. After rolling, “finish” annealing heat 
treatments were performed at 350ºC for 60 min or at 420ºC for 30 min for 
recrystallization (Figure 2.43) [91]. 
 
Figure 2.43 : TRC AZ31 microstructure [96]. 
In the schematic representation of Figure 2.44, the CSIRO installation (10) has a 
furnace (12) for molten magnesium alloy, and a tundish enclosure (14). The molten 
magnesium flows from furnace to tundish enclosure via transfer supply tube (16) 
[79]. 
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Figure 2.44 : Schematic representation of a twin roll casting installation [79]. 
Figure 2.45 represents the roll gap where spacing S is referred to as the set-back, 
while the height of line L above plane M is referred to as the melt head [79]. 
 
Figure 2.45 : Details relating to magnesium alloy solidification [79]. 
2.4.3 Republic of Korea 
2.4.3.1 POSCO 
In Republic of Korea, Pohang Iron and Steel Company (POSCO) Ltd., which is the 
world's fourth-largest steel maker, has opened a magnesium sheet plant in Suncheon. 
The main application area of produced sheet was aimed as the electronic industry for 
3C products (Computer, Camera and Communication, i.e. mobile phones, laptop 
computers and video cameras). POSCO has invested 25.5 billion won ($27.78 
million) in the project, targeting annual output of 3,000 tonnes. Construction has 
been finished in 2007. POSCO worked together with Research Institute of Industrial 
Science & Technology (RIST), Seoul National University, Pohang University of 
Science and Technology (POSTECH) and University of Seoul. RIST worked 3 years 
with POSCO to commercialize the TRC process [14,103-109]. Moreover, RIST is 
currently working on Mg alloys for automotive industry. Their aim is to produce 2 m 
wide magnesium sheets for automotive outer panels [14]. 
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POSCO Magnesium can produce max 530-600 mm wide 0.4-4.3 mm thick MgAZ31 
sheet or coils (Figure 2.46) [14]. Chemical composition of the produced AZ31B 
sheets is given in Table 2.14. As seen in Figure 2.50, yield strength of 260 MPa, 
ultimate tensile strength of 310 MPa, elongation values of 14% and limiting drawing 
ratio of 1.8 were reached after twin roll casting and finish rolling of Mg AZ31B 
sheets [14].  
 
 
Figure 2.46 : Magnesium AZ31B sheet production by TRC in POSCO [14,110]. 
Table 2.14 : Chemical composition of AZ31B Mg sheets [14]. 
 
It is stated that 5-7 µm average grain size was reached for 0.6 mm AZ31 sheets as 
shown in Figure 2.47 [14]. From the produced AZ31 Mg alloys sheets prototypes of 
3C products and also glasses, kitchanware, suitcase and sporting goods were 
produced in POSCO, Korea. 
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Figure 2.47 : Magnesium AZ31B sheet properties producted by TRC and rolling in 
POSCO [14]. 
AZ31 Mg alloys production technology is also developed in various institutes of 
Korea. The following section is concerned with these institutes and their studies as: 
2.4.3.2 Research Institute of Industrial Science & Technology (RIST) 
Research Institute of Industrial Science & Technology (RIST) worked together with 
POSTECH and AZ31 Mg alloy strips of 600 mm width and 3.0-7.0 mm thickness 
have been produced by TRC for more than 24 hours. Mg coils of up to 1220 mm 
diameter are shown in Figure 2.48. The coils were then used for the continuous coil 
rolling with the speed of more than 100 mpm (meter per minute) [111]. 
 
 
Figure 2.48 : TRC sheet and as-cast Mg coil of 600 mm width and 1220 mm 
diameter [112,111]. 
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Figure 2.49 shows the as-cast microstructure of Mg alloy produced by Fata Hunter 
twin-roll casting system. Near the surface of strip chilled grain structure was formed 
as stated by the authors [111]. Towards the center, columnar grain structure was 
observed. Strong slip lines were found between the columnar grains due to the hot 
rolling effect of twin-roll casting. In the central part, equiaxed grains structure was 
formed which was told to be related with the low cooling rate. In this area, center 
line segregation, which is a mixture of alpha-Mg, beta-Mg17Al12 and AlxMny phases, 
was observed. This was linked to the large temperature range of solidification of 
AZ31 alloy (about 65ºC) [111]. Moreover, it was emphasized that in Mg TRC sheets, 
controlling of defects such as inverse segregation, oxidation, etc. are much more 
difficult [111]. 
 
Figure 2.49 : Microstructure of as-cast Mg sheet using twin-roll [111]. 
AZ31 sheets were annealed after twin roll casting. Microstructure of the annealed 
sheet is shown in Figure 2.50. It is reported that, the columnar grain structure was 
changed to small relatively spherical type grains [111]. This is stated to be induced 
by the retained stress in the columnar grain structure during hot rolling [111].  
 
Figure 2.50 : Microstructure of as-annealed Mg sheet in casting direction.                    
a) columnar region, b) central region [111]. 
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The Mg alloy used in the study of Lee et al. was 6 mm thick strip-cast AZ31 
produced by RIST. Figure 2.51 shows the microstructures after TRC and after 
annealing at 400ºC for 4 hours (the average grain was 65 ± 10 µm) [113]. 
 
Figure 2.51 : a) Initial microstructure of strip-cast AZ31 alloy and  b) microstructure 
after heat treatment at 400ºC for 4 h [113]. 
Microstructure of AZ31 Mg alloy sheet after warm rolling process is shown in Figure 
2.52. Uniform grains with average size of about 6 µm were obtained [111]. 
Moreover, Table 2.15 presents mechanical properties of AZ31 sheet produced by 
twin roll casting / coil rolling process in comparison with commercial products 
produced by DC casting / warm rolling process.  
 
Figure 2.52 : Typical microstructure of as-rolled AZ31 Mg alloy. Twin-roll strip 
cast / warm rolled product [111]. 
Table 2.15 : Mechanical properties of AZ31 sheet produced by twin roll casting / 
coil rolling process in comparison with commercial products produced 
by DC casting / warm rolling process [111]. 
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Textures of the TRC sheets were also studied in RIST [113]. Pole figures of the strip-
cast AZ31 sheet with their reflecting surface of RD are shown in Figure 2.53 after 
homogenization heat treatment. The maximum level was found in the (0002) pole 
region which indicates the basal texture [114].  
.  
Figure 2.53 : Initial textures of strip-cast AZ31 specimen: a) {0002}, b) {10-10}, 
and c) {10-11} pole figures [114]. 
2.4.3.3  POSTECH, Seoul National University and RIST 
The horizontal twin roll strip casting system used in the study of Pohang University 
of Science and Technology (POSTECH), Seoul National University and Research 
Institute of Industrial Science and Technology (RIST) has induction melting furnace, 
tundish, a slot type ceramic nozzle, and rolls (water cooled copper-0.7 wt.% Be 
alloy) [115-126]. It is stated that a solidification rate of 103 K/s was achieved [115]. 
Figure 2.54 shows the roll gap area. 
  
Figure 2.54 : TRC system [115] and photograph of the roll gap area showing the 
actual fabrication of strips [118,119]. 
AZ31 alloy (Mg-2.9wt.% Al-0.94wt.% Zn-0.26wt.% Mn), and several experimental 
ZM series alloys including ZM61 (Mg–6Zn–1Mn: Mg–5.91Zn–0.94Mn–0.03Al), 
ZMA611 (Mg–6Zn–1Mn–1Al: Mg-5.9wt.% Zn-0.95wt.% Al-0.90wt.% Mn) and 
ZMA613 (Mg–6Zn–1Mn–3Al: Mg–5.69Zn–0.81Mn–2.93Al) were studied. The 
alloys were remelted under controlled atmosphere of CO2 and SF6. The degrees of 
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superheating for AZ31 and ZM alloys were 118°C and 70°C, respectively [119]. Roll 
gap was 2 mm and roll speed was  4-4.5 m/min. Cooling rate was calculated to be 
130 K/s to 350K/s from secondary dendrite arm spacing (SDAS) (2.6 to 3.9 µm). 
These cooling rates were faster than of conventional ingot casting (~10 K/s) [119]. 
The cooling rate was estimated from the measured SDAS by using the following 
relationship, Equations 2.1 and 2.2.: 
SDAS = 5.3 tf 0.43    (2.1) 
R = ∆Tf / tf   (2.2) 
where the tf; is the local solidification time (s), R is the cooling rate (K/s) and ∆Tf is 
the non-equilibrium temperature range of solidification, which is approximately 66 K 
for the AZ31 alloy and 171 K for the AZ91 alloy [119,120].                                       
Figure 2.55 shows the cross sectional as-cast microstructures of AZ31 alloy and ZM 
alloy. It is said that, compared to AZ31 alloy, ZM alloy strip showed more equiaxed 
dendritic structure. Authors tell that, the microstructure was quite homogeneous and 
distinct macrosegregation was not detected [119]. 
 
Figure 2.55 : Cross-sectional optical micrographs of the strips a) AZ31 alloy and     
b) ZMA613 alloy [119]. 
Figure 2.56 shows the cross-sectional micrographs of as-cast ZM61–Al alloys. The 
addition of Al results in refinement of the interdendritic spacing, with ZMA611 and 
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ZMA613 alloys showing finer microstructures than ZM61 alloy. Coarse particles 
observed in ZMA613 alloy were found to be β Mg21(Al,Zn)17 phase (Figure 2.56c) 
[121]. 
 
Figure 2.56 : Cross-sectional micrographs of as-cast ZM61–Al alloys: a) ZM61,    
b) ZMA611 and c) ZMA613 [121]. 
Mg AZ31 alloy was solution treated at 420°C for 1h and experimental ZM alloys 
were solution treated at 330°C for 2-10 h [118]. After solutionizing the alloys were 
subjected to thermomechanical processes. Mg AZ31 alloy was warm rolled at 200°C 
with a total reduction of 50 %. Afterwards, AZ31 sheets were annealed at 150°C for 
60 min (H24 condition-strain hardened and partially annealed). Mg ZM alloys were 
hot rolled at 300°C with a total reduction of 40-50 %. They were annealed at 330°C 
for 30 min (T4 condition) and artificially aged at 70°C for 24 h or 150°C for           
24 h (T6 condition) [122]. 
Figure 2.57 shows the optical micrographs of the homogenized and rolled AZ31 
alloy strip. The grain size of homogenized AZ31 alloy was reported to be uneven 
with an average grain size of 35 µm. This grain size was much finer than the typical 
grain size of ingot cast alloy which is around 250 µm. Authors told that, after rolling 
at 200°C, fine and elongated microstructure was achieved. After partial annealing at 
150°C, the morphology was reported to be changed to equiaxed shape and the grain 
size was calculated to be around 6 µm. The microstructure of TRC AZ31 alloy after 
thermomechanical treatment (TMT) was found to be similar to the commercial ingot 
cast AZ31-H24 alloy (Figure 2.57d) as reported by the authors [122]. 
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Figure 2.57 : Optical micrographs of a)-c) strip cast and d) ingot cast AZ31 alloy.    
a) homogenized, b) as-rolled, c) annealed and d) commercial sheet 
[119,122]. 
After solution treatment (T4), average grain sizes of ZM series alloys were 15 µm for 
ZM61, 12 µm for ZMA611, and 12 µm for ZMA613 which were much smaller than 
the grain size of AZ31 alloy (35 µm). As is the case with interdendritic spacing, the 
grain size was reported to decrease with the addition of Al (Figure 2.58) [121]. 
 
Figure 2.58 : Cross-sectional micrographs of TRC ZM61-Al alloys in the solution-
treated (T4) condition: a) ZM61, b) ZMA611 and c-d) ZMA613 
alloys [121]. 
It is mentioned that the grain sizes were reduced by recrystallization by annealing 
after TMT from 15 µm to 7 µm for ZM61 alloy, 12 µm to 4 µm for ZMA611 alloy 
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(Figure 2.59), and 12 µm to 2.6 µm for ZMA613 alloy [118]. Moreoever, the 
microstructure was described to be more uniform than the solution treated ones. The 
reason of fine grain sizes of ZM series alloys were reported to be mainly due to the 
presence of dispersoid particles [118]. Moreover, tensile test results of the TRC 
AZ31 and ZM series alloys are given in Table 2.16. 
 
Figure 2.59 : Optical micrograph of TRC ZMA611 alloy sheet that was solutionized, 
TMTed and annealed [119]. 
Table 2.16 : Tensile properties of the strip cast alloys. Properties of ingot cast alloy 
are also shown for comparison purposes [118]. 
 
It was stated that the dispersoid particles found in ZM alloy were Mg(Zn,Mn)2 [121]. 
Figure 2.60 shows these dispersoid particles that formed after solutionizing. After 
thermomechanical treatment and ageing, ZM series alloys contained a large amount 
of precipitates as shown in Figure 2.60b [118].  
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Figure 2.60 : TEM micrographs of ZM61 alloy: a) solutionized and b) TMTed and 
aged [118]. 
The high strengths of the ZMA611 and ZMA613 alloys in the T4 condition were 
described to be mainly due to the presence of fine and homogeneously distributed 
Al8Mn5 (10-50 nm with the volume fraction of 7 %) dispersoid particles as well as 
the refined grain sizes (Figure 2.61) [123,121]. 
 
Figure 2.61 : TEM micrographs showing a) primary and b) secondary Al8Mn5 
dispersoid particles in twin-roll strip cast ZMA611 alloy [123]. 
In the studies of Park et al., twin roll casting of Mg AZ91 alloy was also performed. 
The chemical composition of the alloy was 8.8wt% Al, 0.67wt% Zn and 0.26 wt% 
Mn [120,126]. The melting atmosphere was CO2 and SF6 mixture. The tundish 
temperature was hold at 650°C. The rolling gap was 2 mm and the rolling speed was 
3.6 m/min. 2 mm thick and 70 mm wide Mg AZ91 strips were twin roll casted. 
Figure 2.62 shows the as-cast microstructure. Equiaxed dendritic structure was 
observed through the thickness of as-cast strip. SDAS was calculated to be 4-6 µm. 
This corresponds to a cooling rate of 120-370 K/s [120]. 
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Figure 2.62 : Cross-sectional micrographs of TRC AZ91 streep from roll-side (left) 
and center (right) [120]. 
The produced strip was solutinized at 420ºC for 1 h followed by annealing at 170ºC 
for 22 h. An average grains size of 12-20 µm was obtained after solutinizing heat 
treatment. Moreover, there is a considerable macrosegregation of Al deviated from 
the average concentration by 20 % [120]. Tensile properties of the TRC AZ91 are 
given in Table 2.17 for different conditions. 
Table 2.17 : Tensile properties of the strip cast alloys. Properties of ingot cast alloy 
are also shown for comparison purposes [120]. 
 
 
Moreover, in the study of Song et al, POSTECH produced a modified ZK60,       
Mg–6Zn–0.5Mn–0.3Cu–0.02Zr, alloy with a thickness of 1.6 mm by twin-roll 
casting (TRC) which had a dendritic structure with cell sizes of about 15 µm [127]. 
Alloy in the T6 condition had yield strength of 203 MPa, ultimate tensile strength of 
277 MPa, respectively and tensile elongation of 23 % [127]. 
2.4.3.4 Korea Institute of Materials Science, (KIMS) 
In the study of Korea Institute of Materials Science (KIMS), Republic of Korea in 
connection with School of Materials Science and Engineering, Shandong University, 
China the researchers studied horizontal twin-roll casting of Mg-4.5Al-1.0Zn-0.4Mn-
0.4Ca (AZ41M) alloy sheets [128,129]. After TRC, isothermal warm rolling and 
annealing operations were performed. It was explained that, Ca was chosen as an 
alloying element since Ca has excellent ignition-proof effect, can refine 
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microstructure, and improve elevated temperature properties and corrosion resistance 
of magnesium alloys [128,129].  
In KIMS, a water cooled copper alloy roll (Ø300mm) system was used. The 
temperature was about 650-720°C, the rolling speed was 5 rpm and the roller gap 
was 2 mm. 100 mm wide, 3.2 mm thick and 10 m long AZ41M alloy sheets were 
produced. Warm rolling was performed at 350°C. Before the first pass rolling, the 
strip was heated at 350°C for 30 minutes [128,129]. 
Figure 2.63 shows the dentritic microstrucure of TRC strip along the through 
thickness direction. The microstructure of the annealed AZ41M strip is shown in 
Figure 2.63b) where equiaxed structure was observed without involving grain 
growth. 
 
Figure 2.63 : The optical microstructure of twin roll cast 3.2 mm thick strip along 
the through thickness direction: a) as cast; b) as annealed [129]. 
Figure 2.64 shows the as cast microstructure of conventional cast ingot and twin roll 
cast strip. The grain size of conventional cast ingot was measured to be 100-200 µm 
with the eutectics and intermetallic compounds along grain boundaries. In the 
microstructure of TRC strip, the size of phases in the interdendritic region was 
reported to be much finer than those in the grain boundary [129].  
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Figure 2.64 : The as-cast microstructure of AZ41M magnesium alloys:                    
a) conventional casting and b) twin roll casting [129].  
Figure 2.65 shows the microstructures of AZ41M alloy sheets after warm rolling and 
annealing with different rolling reduction amounts. Moreover, in Figure 2.66, grain 
size analysis of as annealed AZ41M sheets with variation of rolling reduction 
amount is given. 
 
Figure 2.65 : Optical microstructures of twin roll cast AZ41M alloy sheets after 
warm rolling and annealing: a) as twin roll cast; b) as twin roll cast 
and annealed (350ºC×30 min); c) 3 pass rolled; d) 3 pass rolled and 
annealed (350ºC×10 min); e) 5 pass rolled; and f) 5 pass rolled and 
annealed (350ºC×10 min) [128]. 
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Figure 2.66 : Grain size analysis of as annealed AZ41M sheets with variation of 
rolling reduction amount: a) mean grain size; b) grain size   
distribution [128]. 
Figure 2.67 shows the results of Vickers hardness and tensile tests after TRC, 
sequential warm rolling and annealing. 
 
Figure 2.67 : Mechanical properties of the warm rolled and annealed AZ41M alloy 
sheets: a) Vickers hardness; b) tensile properties [128]. 
Figure 2.68 shows the comparison of tensile properties and Figure 2.69 shows the 
microstructures of AZ41M sheets after warm rolling at 350°C and subsequent 
annealing at 350°C for 10 min for 1 mm thick conventional casting sheet and 0.6 mm 
thick twin roll casting sheet [129]. The tensile strength, yield strength and elongation 
of 0.6 mm thick twin roll casting sheet were 330 MPa, 218 MPa and 12.3 %, while 
those of 1 mm thick conventional casting sheet were 271 MPa, 174 MPa and        
10.8 % [129]. The strength and elongation of twin roll casting sheet were stated to be 
1.2 times higher than those of conventional casting sheet. The average grain size of 
twin roll casting sheet and conventional casting sheet was 8 µm and 12 µm, 
respectively [129].  
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Figure 2.68 : Comparison of tensile properties of AZ41M sheets after warm rolling 
at 350°C and subsequent annealing at 350°C×10 min for 1 mm thick 
conventional casting sheet and 0.6 mm thick twin roll casting         
sheet [129]. 
 
Figure 2.69 : Microstructure of AZ41M magnesium sheets after warm rolling and 
subsequent annealing at 350°C×10 min for 1 mm thick conventional 
casting sheet (CC) and 0.6 mm thick twin roll casting sheet (TRC);     
a) CC, as-annealed b) TRC, as-annealed [129]. 
Suk Bong Kang group also studied TRC of ZK60 alloy [130,131]. The molten ZK60 
alloy temperature was held at 720°C. 3.2 mm thick TRC ZK60 strip chemical 
composition was analyzed as 5.51Zn–0.49Zr–Mg balance in weight percent. The 
TRC sheet was heated at 300°C for 30 min, rolled at 300°C, and reheated again to 
300°C for 10 min. This process was redone over six passes to achieve a strip 
thickness of 0.5 mm. The rolling reduction ratio was 50 % per pass. Solution 
treatment was done at 375°C for 3 h and afterwards, sheets were water quenched. 
Artificial ageing treatment was performed at 175°C for 1, 3, 6, 10, 18, 30 and         
100 h [130,131]. 
Microstructures of ZK60 alloy sheets at different conditions are shown in           
Figure 2.70. Figure 2.70a shows the microstructure of as-rolled ZK60 alloy sheet. 
Elongated grains are stated to be clearly seen [130]. Figure 2.70b shows the 
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microstructure of ZK60 alloy sheet after solution treatment at 375°C for 3 h. Small 
and equiaxed grains (6.1 µm) were seen. Figure 2.70c and d shows the optical 
microstructure and TEM micrograph of the ZK60 alloy sheet after T6 heat treatment 
(solution treated and artificially aged at 175°C for 10 h). It was observed by the 
authors that the artificial ageing did not change the grain size and distribution a lot. 
The average grain size was measured as 6.8 µm. By TEM, block-shaped and rod-like 
precipitates were observed by the researchers [130]. 
 
Figure 2.70 : Microstructure of ZK60 alloy sheets. a) OM of as-rolled sheet; b) OM 
of as-solution treated sheet; c) OM of as-T6 treated sheet; d) TEM of 
as-T6 treated sheet [130]. 
Figure 2.71a shows the effect of heat treatment conditions on mechanical properties 
of ZK60 alloy sheets. The solution treatment reported to induce the decrease of 
strength and increase of elongation compared to those of as-rolled values. After the 
T6 treatment, it was told that the sheets possessed high strength and a small decrease 
of the elongation in comparison with those of the solution treated ones. This was 
attributed to the precipitate formation as shown in Figure 2.71d [130]. 
Figure 2.71b shows the anisotropy of the mechanical properties of ZK60 alloy 
sheets. It was investigated that rolled ZK60 alloy sheets showed severe anisotropy of 
strength and elongation. The elongation along the rolling direction was 8.3 % and 
was higher than that of transverse direction (2.2 %). The strength of the sheet 
reported to be decreased a little but the elongation increased after T6 treatment. It 
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was noted that T6 treatment improved the uniformity of tensile properties of ZK60 
alloy sheets due to fine equiaxed structure (Figure 2.70c) [130]. 
It was told that the mechanical properties of the TRC alloy were much better than 
those of the conventional cast alloy. In the conventional cast alloy, at the T6 
condition the tensile strength, yield strength and elongation was 320 MPa, 280 MPa 
and 16.0 %, respectively. However, the tensile strength, yield strength and elongation 
of TRC alloy were 420 MPa, 330 MPa and 16.1 %, respectively. The better 
mechanical properties of TRC alloy was attributed by the authors due to the higher 
solidification rate in twin-roll casting [130].  
 
Figure 2.71 : Mechanical properties of ZK60 alloy sheets. a) affect of heat treatment 
conditions on mechanical properties; b) anisotropy of mechanical 
properties [130]. 
2.4.3.5 Korea Institute of Machinery and Materials, Inje University 
In the study of You et al. from Korea Institute of Machinery and Materials, Inje 
University, AZ31 magnesium plates with 1 mm in thickness were fabricated by 
continuous casting and subsequent hot rolling process [132,133]. Both wheel-band 
continuous casting (modified Properzi) and horizontal continuous casting (HCC) 
machines were designed and employed to produce AZ31 alloy plates. The plates with 
5x50 mm in size were produced by modified Properzi process. Magnesium melt was 
protected by SF6. Cooling of the melt was done by circulating water in casting wheel 
and cold gas at the band [132,133]. Cast plates were homogenized at 400°C for 24 h. 
The plates were hot rolled at 400°C after the rolls were heated to 150°C. Sheets of    
1 mm with a grain size of 7~10 µm were achieved [133]. Moreover, in the study of 
Bae et al. from Pusan National University and Korea Institute of Machinery and 
Materials modelling of twin roll strip casting was studied [134]. 
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2.4.4 Germany 
2.4.4.1 Thyssen Krupp, MgF Magnesium Flachprodukte GmbH, Freiberg  
Thyssen Krupp MgF Magnesium Flachprodukte GmbH in Freiberg/Saxony Germany 
cooperates intensively with the Technical University Bergakademie Freiberg in the 
area of magnesium technology. ThyssenKrupp Stahl established MgF Magnesium 
Flachprodukte GmbH in mid-2001. The development process project “Continuous 
Casting and Rolling of Magnesium” was supported by the federal state of Saxony via 
the Sächsische Aufbaubank  [43,44,135-138]. 
The horizontal twin-roll casting line started the process in September 2002. The 
twin-roll-casting plant consists of a gas-fired melting furnace with a melting capacity 
of approximately 1200 kg (750 kg/h), an electrically heated feeding system (Rauch), 
a twin-roll-casting mill stand with water-cooled steel rolls (supplied by Pechiney 
Aluminum Engineering, now Novelis), a pinch roll unit, a cross-cut shear and a 
coiler [43,44,135-138].The system is shown in Figure 2.72 and 2.73. 
a) b) 
 
Figure 2.72 : Twin roll casting a) plant of the MgF, Freiberg [137] b) strip casting 
system in operation [43,44,135]. 
 
Figure 2.73 : Entry section of the pilot line, right: tundish with casting nozzle [43]. 
 65
700 mm wide and 4.5-7 mm thick Mg AZ31 alloys sheets were produced. To test the 
long-term behaviour of the system, the casting continued for at least six hours to 
produce a weight of more than 4 tonnes (Figure 2.74) [43,44,135]..  
  
Figure 2.74 : Coiling system in operation and twin-roll-casted Mg-strips [43,137]. 
Figure 2.75 shows the microstructure of the TRC material after abruptly interrupting 
casting. Relatively inhomogeneous dendritic structure across the sheet thickness was 
observed. It is expressed that the dendritic structure got deformed after its complete 
solidification by deformation in the roll gap. Authors told that, after annealing heat 
treatment, the eutectic phases were dissolved, the material was homogenized and a 
fine grain structure was seen as in Figure 2.75b [136]. 
 
Figure 2.75 : a) Principle of the twin-roll-casting process, b) microstructure of the 
twin-roll-casted Mg-strip in the roll gap [136]. 
To study annealing behavior of the sheets, four different temperatures (400, 450, 
480, 500°C) and three different times (1, 4, 16 h) were tried. It was noticed that 
400°C was too low for a complete homogenization. An annealing condition of 450°C 
for  1 h stated to have a very uniform grain structure (Figure 2.76b). With increasing 
temperatures, the grain sizes were observed to rise. Therefore, 450°C was stated to 
be a limit for the annealing process [136]. 
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Figure 2.76 : Microstructure of twin-roll-casted Mg-strips: a) as-received and         
b) annealed (450°C, 1 h) [136]. 
Rolling experiments were performed between 300-500°C and at a rolling speed of   
1-5 m/s on the pilot mills at the Institute of Metal Forming in Freiberg (Figure 2.78). 
Sheets in widths of up to 2,000 mm and with a minimum thickness of 0.55 mm in 
good surface quality were able to be achieved [136].  
Directly after the annealing heat treatment, all sheets were rolled. Rolling was carried 
out with the 3-stand-finishing mill of the semi-continuous hot rolling mill (200 mm 
diameter roll) at the Institute of Metal Forming at the Freiberg University of Mining 
and Technology (Figure 2.77) [136]. The TRC strip was continuously rolled from     
6 mm down to 1.5 mm without reheating. TRC direction and rolling direction were 
the identical. Initial temperatures were chosen as 300, 400 and 500°C. Rolling speeds 
were 1 or 5 m/s. Moreover, directly after rolling, a half-hour recrystallization 
annealing at 330°C was applied [136]. 
In Figure 2.78 microstructures of rolled Mg-sheets after rolling at 1 and 5 m/s with 
different initial rolling temperatures are given. During continuous rolling on the 
three-stand-finishing mill when the rolling speed was applied as 5 m/s, almost 
completely recrystallized microstructures were observed by the authors for all 
starting temperatures. However, as expected; the grain size increased as the 
temperature was increased (8.7 µm at 500°C) [136].  
Authors state that at rolling speed of 1 m/s and at a starting temperature of 300°C, a 
deformation structure developed due to dynamic recrystallization [136]. Authors 
report that after the second and third passes, the microstructure had only deformed 
twinning structure due to the temperature drop. When the starting temperature was 
400°C, the recrystallized part of the microstructure was not observed to change by 
the authors, but the twins were found to be lower. When initial rolling temperature 
was 500°C, a higher dynamically recrystallized grain size was seen [136].  
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Figure 2.77 : Semi-continuous hot rolling mill at the Institute of Metal Forming at 
the Freiberg University of Mining and Technology [136,139]. 
 
Figure 2.78 : Microstructures of rolled Mg-sheets after rolling at 1 and 5 m/s with 
different initial rolling temperatures [136]. 
The mid layers of the TRC AZ31 sheets had almost random texture as seen in   
Figure 2.79 [136]. At a rolling speed of 1 m/s a texture developed which was 
characterized by two peaks tilted by 15° from the sheet normal in the rolling 
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direction (Table 2.18). Texture observed to not change significantly by changing the 
rolling temperature, but by the rolling rate [136,140].  
 
Figure 2.79 :  Initial texture of twin-roll-casted Mg-strip, center of strip [136]. 
Table 2.18 : Influence of initial rolling temperature and final rolling speed on texture 
(after 3rd pass) (RD: rolling direction) [136]. 
 
The elongation increased from ~5 % in the as-cast condition to 15-25 % after 
annealing (Figure 2.80). As rolling speed was increased from 1 m/s to 5 m/s or 
rolling temperature is increased from 300 to 500°C; ductility increased; but, the 
strength values decreased (Figure 2.81). Figure 2.82 and Table 2.19 show the results 
of the hot-formed Mg sheets with the help of forming study results [136]. 
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Figure 2.80 : Tensile properties of twin-roll-casted material a) as-received, b-c) after 
annealing (variation of annealing temperature and time b) 1 h, and      
c) 16 h [136]. 
 
Figure 2.81 : Influence of final rolling speed and initial rolling temperature on 
tensile properties [136]. 
 
Figure 2.82 : Stamped component made from AZ31 sheet [43]. 
Table 2.19 : Mechanical properties of a stamped part made from AZ31 sheet [43]. 
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Another Mg sheet produced by TRC was AZ21 (1.8% Al) alloy [137]. Figure 2.83 
shows microstructure of the TRC AZ21 strip after slow cooling down to room 
temperature, after homogenization and the microstructure of the final strip after 
rolling. 
 
Figure 2.83 : Microstructure of the twin-roll-casted AZ21 strip a) after slow cooling 
down to room temperature, b) and after homogenization at 480°C, 1h, 
c) as well as the microstructure of the final strip after rolling at 400°C 
and a half-hour recrystallization annealing at 330°C [137]. 
2.4.4.2 University of Hanover 
In the study of Fr. W. Bach, et al. at the Institute of Materials Science, University of 
Hanover, Germany, AZ31 strips were cast with a thickness of 8.3 mm and a width of 
70 mm with modified Hazelett caster without application of cover gases. They 
achieved a grain size of 80 µm [141]. Table 2.20 shows the casting parameters. 
Table 2.20 : Casting parameters for AZ31 [141]. 
 
The laboratory scale rolling experiments were conducted on a 220 mm wide twin-roll 
stand with a roll diameter of 129.8 mm with a rolling speed of 0.26 m/s. The 
industrial scale rolling mill has 800 mm roll diameter. The sheet width was max.    
1900 mm and the rolling speed was max 2 m/s [142]. 
2.4.4.3 RWTH Aachen University  
At IME Institute for Process Metallurgy and Metal Recycling and Institute for 
Industrial Furnaces and Heat Engineering, RWTH Aachen University, Germany, 
numerical simulation of the twin-roll casting process of magnesium alloy strip was 
studied by Jian Zeng et al. [143]. The horizontal twin-roll strip caster had steel rolls 
with a diameter of 340 mm and a width of 100 mm. Roll gap was adjusted as 2 to     
 71
5 mm and the casting speed was 0.26 to 5.11 m/min. The temperature decreased from 
700ºC before the contact zone with casting rolls to about 390ºC at the kissing point 
(Figure 2.84). A rolling force of 4–10 kN/mm was measured. After leaving the 
kissing point, the temperature of the strip decreased from 400 to 360ºC at a cooling 
rate of 1.67ºC/s (Figure 2.85). Simulation results were similar with the measurements 
(Figure  2.86) [143]. 
 
Figure 2.84 : Temperature field of Mg surface in the regime of the rolls (d = 4mm,  
v = 2.5 m/min) [143]. 
 
Figure 2.85 : Temperature field of the cast strip (d = 4mm, v = 2.5 m/min) [143]. 
 
Figure 2.86 : Temperature profiles of the cast strip (d = 4mm, v = 2.5 m/ min) [143]. 
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2.4.4.4 GKSS 
Novelis PAE has received an order from GKSS Forschungszentrum, Geesthacht, for 
the supply of one Jumbo 3CMTM continuous caster to produce magnesium sheets. 
According to Novelis web site the casting line will be installed in a new building and 
the start-up is expected in early 2010 [144]. 
2.4.5 Japan 
In Japan, Mitsubishi Aluminum Co. Ltd., Osaka Prefecture University, Gonda Metal 
Industry Co., Ltd., Advanced Technologies, Inc., Sumitomo Electric Industries, Ltd., 
Gunma University, Oyama National College of Technology, Osaka Institute of 
Technology, Nippon Institute of Technology, National Institute of Advanced 
Industrial Science and Technology (AIST), Waseda University, Saitama Institute of 
Technology and Sanyu Seiki Co. Ltd. have been working on different types of twin-
roll casting of magnesium since 2000’s [146-178]. Some of the researchs will be 
explained below: 
2.4.5.1 Oyama National College of Technology 
In the studies of Watari et al. researchers from Gunma University, Oyama National 
College of Technology, Osaka Institute of Technology, Toyohashi University of 
Technology, Tokyo Institute of Technology and Nippon Institute of Technology 
from Japan; and King Mongkut’s University of Technology, Thailand and The 
University of Manchester, United Kingdom studied different kinds of twin roll 
casting operations on several magnesium alloys such as AZ31, AZ61, AZ91, AM50 
and AM60 [146-157]. Pair of copper alloy roll or pure copper rolls was used for the 
horizontal type twin roll casters. A closed type tundish was used. The roll gap was  
2-4 mm. In Figure 2.87 various types of twin roll caster systems are summarized as a 
table by Japanese researchers.. Dimensions of experimental equipments and details 
of experimental conditions of horizontal twin-roll strip casting system are 
summarized in Table 2.21 
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Figure 2.87 : Various types of twin roll caster [146] 
Table 2.21 : Dimensions of experimental equipments and experimental conditions 
[147, 148, 149]. 
  
 
 
Photographs of the produced AZ31, AZ61 and AZ91 Mg alloy strips and their 
surface conditions are shown in Figure 2.88-2.91.  
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Figure 2.88 : Surface condition of cast AZ31 [147]. 
 
Figure 2.89 : Surface condition of cast AZ61 [146]. 
 
Figure 2.90 : Surface condition of cast AZ91 [150]. 
 
Figure 2.91 : Crack occured in cast AZ91 strip [150]. 
Physical properties of the produced AZ31, AZ61 and AZ91 Mg alloy strips are given 
in Table 2.22.  
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Table 2.22 : Physical properties of materials [151]. 
 
Moreover, rolling processes were applied on the TRC Mg sheets [146-151]. Rolling 
temperatures were varied from 200°C to 300°C in the case of AZ31 [147]. For 
AM60, AZ61 and AZ91, the rolling temperatures were varied from 250°C to 350°C 
[148-151]. The total redution was 75 % in 3 passes in the hot rolling process. The 
reduction of 1st pass was 40 %, 45 % for 2nd pass and 25 % for 3rd pass [146].  
2.4.5.2 Sumitomo Electric Industries, Ltd.  
AZ31 and AZ91 strips having good surface quality (smooth and shiny) were 
produced (Figure 2.92) by Masatada Numano et al. in Sumitomo Electric Industries, 
Ltd. by horizontal TRC under inert atmosphere [158-162]. The rolls were water 
cooled copper alloy. For AZ31 strip casting, ingots were remelted and transferred to 
rolls at a temperature from 670°C to 710°C, and for AZ91 strip casting, from 650°C 
to 690°C. The roll gap was 4 mm thick. Widths of the sheets were approximately  
250 mm. The roll speed was 1.6-2.2 m/min. To homogenize the cast strips, they were 
subjected to thermal treatment at 400°C for 6 hours [158]. 
 
Figure 2.92 : Appearance of cast Mg alloy strips [158]. 
In the AZ31 strip, columnar dendrites were observed near the surface, and equiaxed 
grains were seen in the middle. In the AZ91 strip, fine, equiaxed dendrites were 
observed. The grain size of the homogenized AZ31 strip was 22 µm and AZ91 strip 
was 21 µm (Figure 2.93). Secondary dendrite arm spacing (SDAS) was measured 
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from the micrographs. The SDAS of the AZ31 cast strip was 3.9 µm on the roll side 
and 4.4 µm in the central region. The SDAS of the AZ91 cast strip was 3.9 µm and 
4.2 µm. The difference between the microstructures of AZ31 and AZ91 is stated to 
be caused by the difference of their solidification range, 66°C and 130°C [158]. 
 
Figure 2.93 : Cross-sectional optical micrographs of as-cast and homogenized Mg 
alloy strips [158]. 
AZ31 and AZ91 cast strips were warm rolled down to 0.5 mm. Firstly, sheets were 
heated at 350°C and the rolls were heated at 177°C. After rolling, the AZ31 and 
AZ91 sheets were annealed at 250°C and 320°C, respectively for 30 min. The 
appearance and cross sectional optical micrographs of the rolled strip cast AZ31 and 
AZ91 sheets and the commercial AZ31B sheet are shown in Figure 2.94. The 
average grain sizes of the AZ31 sheet, AZ91 sheet and commercial AZ31B sheet 
were 4.0 µm, 5.6 µm and 8.5 µm, respectively [158].  
The mechanical properties of the TRC and rolled AZ31 and AZ91 sheets, 
commercial AZ31B sheet and AZ91 die cast material are shown in Figure 2.95. UTS, 
YS and EL of the rolled AZ31 sheet were 280 MPa, 230 MPa and 21 %, 
respectively. These values were found to be higher than the commercial AZ31B 
sheet in both the rolling and transverse direction and discussed to be related to finer 
grains size in TRC sheet. UTS and YS of the rolled AZ91 sheet were 340 MPa and 
230 MPa, and those were higher than the values of all other studied materials of 
researchers [158]. 
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Figure 2.94 : Optical micrographs of the rolled strip cast AZ31 and AZ91 sheets and 
the commercial AZ31B sheet [158]. 
 
Figure 2.95 : The mechanical properties of the rolled AZ31 and AZ91 sheets, 
commercial AZ31B sheet and typical AZ91 die cast component [158]. 
2.4.5.3 Mitsubishi Aluminum Co., Ltd. 
In the study of Yusuke Nakaura, Akira Watanabe and Koichi Ohori from Technical 
Development Center, Mitsubishi Aluminum Co., Ltd., AZ31 (Mg-3.2 mass%Al-0.90 
mass%Zn-0.35 mass%Mn) alloy was melted in a furnace under an inert gas 
atmosphere of 1.0 % SF6 and CO2 mixture [163,164]. The molten metal temperature 
was between 720 to 740ºC. Molten magnesium was transferred to the tundish by a 
pump and fed into the rolls through a tip as shown in Figure 2.96. A water-soluble 
graphite base lubricant was used. The water cooled steel roll diameter was 425 mm 
and width was 600 mm. The roll gap was 5.0 mm and the rolling speed was adjusted 
as 0.6-2 m/min. Rolling force was between 150 to 450 kN. The setback was 37 mm. 
AZ31 alloy was twin-roll cast with 5 mm thickness and 250 mm width. The SDAS of 
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the sheet was calculated to be 5.0-6.5 µm corresponding a cooling rate of 239 to   
556 K/s [163]. Schematic illustration and photographs of the twin roll caster are seen 
in Figure 2.96-2.98 [165]. 
 
Figure 2.96 : Schematic view of twin roll caster [163]. 
 
Figure 2.97 : Photographs of the twin roll caster [165]. 
  
Figure 2.98 : Twin roll strip casting sytem [165]. 
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Figure 2.99 shows typical cross-sectional microstructure of as-cast sheets having 
dendtrites. Homogenization of sheets was carried out at 450ºC for 24 h. From Figure 
2.100, it can be observed that UTS after TRC was ~175MPa and %EL was ~4 %. 
After homogenization, UTS increased to ~225 MPa and %EL increased to ~14 % 
[163,164]. 
 
Figure 2.99 : Optical micrograph of a) cross-sectional microstructure and b) the 
typical dendrite structure in a strip roll-cast [164]. 
 
Figure 2.100 : Temperature dependence of the mechanical properties of a non-
homogenized and homogenized strip in a strip roll-cast at a rolling 
speed of 1.3 m/min and DC ingot [164]. 
In some TRC Mg alloy sheets, microcracks and centre-line segregation were 
observed by the authors as given in Figure 2.101. Surface microcracks (thought to be 
hot-cracking during solidification shrinkage by the authors) were observed 
perpendicular to the rolling direction. From the result of element analysis of center-
line segregation with EPMA, it was observed that there were Al, Zn rich regions. It 
was also seen that there were several micron level Al-Mn intermetallics [163,164]. 
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Figure 2.101 : Microcrack in the surface of the as-cast strip and optical micrograph 
of center-line segregation [163]. 
As part of the study of the New Energy and Industrial Technology Development 
Organization (NEDO) Research commissioned by the “Innovation of the board by 
rolling directly molten magnesium Manufacturing technology”, in 2005 and 2006, 
AZ31 sheets having 4.6 mm thickness and 470 mm width (about 20 m length and   
80 kg weight) were also produced [165]. The roll gap was 3.4 mm, setback was      
40 mm and the roll speed was 1.5 m/min. Moreover, TRC of AZ41 (Mg-4%Al-
1%Zn) alloy was also tried. Some of examples are shown in Figure 2.102 [165]. 
 
Figure 2.102 : AZ31 rolled sheets (0.5 × 310 × 232 mm) [165]. 
In the study of Nakaura et al. from Technical Development Center, Mitsubishi 
Aluminum Co., Ltd. rolling studies were performed on TRC AZ31 sheets [166].   
450 mm wide 5.6 mm thick TRC AZ31 sheet was homogenized and hot rolled down 
to about 2 mm thick by intermediate annealings. Roll diameter was 406 mm, roll 
speed was 5 m/min and roll temperature was 250°C. Sheets were than cold rolled 
down to 0.8 mm. Average grain size of 4.7 µm was reported after TRC, 
homogenization for 8 h at 450°C, rolling, intermediate and final annealing for 1 h at 
300°C as seen in Figure 2.103a,b and c [166]. 
Rolling Direction Rolling Direction 
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Figure 2.103 : Microstructures of the homogenized and hot-rolled sheets after 
intermediate annealing: a) as-rolled, b) 300°C–1 h, c) 350°C–1 h 
[166]. 
2.4.5.4 Gonda Metal Industry Co., Ltd. 
GONDA Metal has developed a high-speed twin-roll casting system for magnesium 
alloy strips [167]. Their casting speed was more than 30 m/min. Industrial scale 
production of 2-6 mm thick, 400 mm wide Mg AZ61 alloy sheet has been achieved 
(Figure 2.104). Sheets were rolled down to 0.5 mm. 600 mm wide Mg sheet 
production is also planned by Gonda Metal [167].  
  
Figure 2.104 : Photographs of 400 mm wide Mg AZ61 alloy sheet and coils [167]. 
2.4.5.5 Advanced Industrial Science and Technology (AIST) 
Matsuzaki group studied Ca addition of Mg-Al-Zn by TRC at National Institute of 
Advanced Industrial Science and Technology (AIST). 0.25-0.5 wt % addition of Ca 
to Mg-Al-Zn alloy is studied since Ca addition stated to prevent oxidation and 
burning. Trials were done without cover gas. Several Mg-Al-Zn-Ca alloys with      
0.5 wt %Ca (ZA21Ca, ZA41Ca, ZA41Ca, ZA81Ca) were twin roll casted at a system 
which had a BN tundish, Ø300×50mm steel roll with a roll gap of 1 mm, roll speed 
of 16 m/min and at a temperature of 620-650°C [168-169]. Moreover, approximately 
50 mm wide Mg95Al4Zn0.5Ca0.5 (AZ41Ca), Mg95Al3Zn1.5Ca0.5 (AZ32Ca), 
Mg95Al2Zn2.5Ca0.5 (AZ23Ca) and Mg95Al1Zn3.5Ca0.5 (AZ14Ca) (wt%) alloy 
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strips were twin roll casted [170]. Tensile mechanical properties of as-cast and 
annealed ZACa alloy sheets are shown in Figure 2.105a and b. 
 
Figure 2.105 : Tensile mechanical properties of a) TRC and b) annealed ZACa alloy 
sheets [168]. 
2.4.5.6 Saynu Seiki Co. Ltd. 
In the study of K. Tada from Saynu Seiki Co. Ltd. Mg AZ31 alloy was produced by 
horizontal TRC [171-174]. The strips were 5-15 mm thick and 100-120 mm wide. A 
casting speed of 1-4 mm/s was applied [171,172]. 
2.4.5.7 Waseda University 
In the study of M. Motomura et al., melt drag system was used to produce 1.8 mm to 
8.8 mm thick Mg AZ31 strips at Waseda University. 300 mm diameter Cu 
solidification roll and 130 mm diamater stainless steel 304 forming roll was used. 
Experimental conditions are given in Table 2.23 [175]. In another study, melt drag 
system was used under CO2 atmosphere, with a pouring temperature of 760-840 °C 
for AZ31 alloy with a roll speed of 3-30 m/min [176]. 
Table 2.23 : Experimental conditions of Mg AZ31 production process [175]. 
 
 83
2.4.6 China 
In China, institutions and companies have made progress on horizontal twin roll 
casters (HTRC) and vertical twin roll casters (VTRC) [78,179-194]. Firstly 
horizontal twin roll strip casting processes will be explained: 
2.4.6.1 Fuzhou Huamei New Technology Development Co. Ltd., Shanxi Wenxi 
Yinguang Magnesium Group Co., Ltd  
In 2003, Fuzhou Huamei New Technology Development Co. Ltd. published a 
Chinese patent about the HTRC for the magnesium alloys (Li H L, Huang Y H. 
Method and equipment of twin-roll casting for magnesium alloy sheets: 
ZL03118572.X[P]. 2003. (in Chinese)) [179]. In 2004, a HTRC system with 600 mm 
diameter and 400 mm wide rolls was built as a first company in China for the 
magnesium alloys. The magnesium alloy strips with 400 mm in width and 2−8 mm 
in thickness were casted [179]. 
Fuzhou Huamei New Technology Development Co. Ltd. has been working with 
Shanxi Wenxi Yinguang Magnesium Group Co., Ltd. to establish a 600 mm wide 
continuous casting & rolling plate production line with rolls of 850 mm diameter and 
800 mm width since December 2005 [180]. Shanxi Wenxi Yinguang Magnesium 
Group Co., Ltd. was built in 1988. It is  one  of  the  largest  magnesium  and  
magnesium  alloy  production  enterprises  in  China. Tsinghua University has a 
research center in the company [181]. 
The system consists of a magnesium melting and metal liquid supply, a twin rolling 
caster, a hot roller and a cutter. 0.5-6 mm thick, 600 mm wide AZ31 sheets were 
casted in May 2006 [179]. Moreover, experimental MB8 and MB26 sheets of 600 
mm wide were produced [182]. After hot rolling, sheet had fine and uniform 
microstructure, as shown in Figure 2.106 b, and can be punched into the automotive 
parts in Figure 2.107.  
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Figure 2.106 : Production line a) and microstructure b) of magnesium alloy strips 
produced by Fuzhou Huamei Company working with Wenxi 
Yinguang Magnesium Group Co., Ltd [179]. 
 
Figure 2.107 : Parts of autocars punched by HTRC magnesium alloy sheets [179]. 
Yinguang Magnesium Group prepared the system so that the melt in the melting 
furnace could be directly supplied by the magnesium alloy melt plant near the 
melting furnace. To improve the microstructure of the strip, the online hot rolling and 
online coiling of the sheets were achieved [179]. Moreover, they are designing and 
establishing a new caster for the magnesium alloy strips with 1500 mm in          
width [179]. 
2.4.6.2 Chongqing University 
In September 2005, Chongqing University obtained the experimental magnesium 
alloy strips with 800 mm in width and 7 mm in thickness, based on the caster of    
850 mm diameter and 1600 mm width used for the aluminium alloy sheets with the 
cooperation of Southwest Aluminium Group in China [78,179,180,183,184]. 
National Engineering Research Center for Magnesium Alloys (CCMg), approved by 
the Ministry of Science and Technology of China at the beginning of 2007 and 
previously named Chongqing Engineering Research Center for Magnesium Alloys, 
located in Chongqing University. The center is jointly established by Chongqing 
University, Chongqing Magnesium Science & Technology Co., Ltd., Changan 
Automobile Group Co., Ltd., Southwest Aluminium Group Co., Ltd., Southwest 
 85
Technique and Engineering Institute, etc. The CCMg is the biggest R&D center for 
magnesium alloys in China [185]. 
2.4.6.3 Luoyang Copper Group 
In 2005, AZ31 strips with 600 mm in width and 6-8mm in thickness were produced 
by HTRC (previously used for the aluminium alloy sheets) by Luoyang Copper 
Group [78,179,180]. 
2.4.6.4 Northeastern University 
In 2006, Northeastern University used a HTRC system with 500 mm diamater and 
500 mm wide water cooled roller [179]. The roll speed was maximum 60 m/min. 
200-350 mm wide and 1.5-3.5 mm thick AZ31 sheets were produced (Figure 2.108). 
Cooling rate was calculated as 102-103 K/s. The yield strength and tensile strength 
of as-cast sheet was 122-147 MPa and 190-226 MPa respectively. Hot-rolling 
experiment temperature range of cast-rolled magnesium alloy strip was 240-300ºC 
and the accumulative reduction up to 50% could be reached [186]. 
 
Figure 2.108 : Samples of as cast magnesium strip [186]. 
There several VTRC reseachs were performed in China. Status and development of 
VTRC for magnesium alloys in China will be summarized after this part: 
2.4.6.5 Chongqing University VTRC Studies 
In 2001, Chongqing University established a VTRC system to produce AZ31 strips 
with 1−3 mm in thickness under CO2 and SF6 atmosphere [78,179]. The rolls were 
250 mm in diameter and 150 mm in width. Recently, a VTRC system with 800 mm 
diamater and 450 mm wide rolls was designed [179,185]. 
In the VTRC for the magnesium alloys, the melt flux can harm the solidification area 
in the pool and cause the solidification to be unstable. It is stated that in order to 
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effectively solve the problems, an idea of establishing a new melt pool, as shown in 
Figure 2.109, was proposed by Chongqing University in 2005. The refractory 
material with good heat preservation increased the melt surface over the contact line 
between the refractory material and the roll, and therefore, the melt surface during 
casting was separated from the roll [179]. 
 
 
1 Nozzle 
2 Melt surface  
3 Cast roll 
4 Primary solidification point 
5 Cast strip 
6 Refractory material 
Figure 2.109 : Schematic diagram of new VTRC [179]. 
The roll speeds used were 8, 15 and 31 m/min. Casting temperatures were 630-690ºC 
[187-190]. Figure 2.110 shows the microstructures at different cast temperatures. The 
as-cast AZ31 sheet showed a dendritic structure (Figure 2.110 a) at high casting 
temperature of 690ºC. When casting temperatures were 675ºC and 660ºC, the 
dendritic structure was stated to be changed into a rosebush-like structure (Figure 
2.110b and c), and it became finer. When casting at near-liquidus (640ºC), authors 
reported that the global, or grainy, primary α-Mg (Figure 2.110d) was formed [187]. 
It was found by authors that grains of AZ31 ingot at a casting temperature of 660ºC 
were coarse and uniform with sizes of more than 100 µm because of the lower 
cooling rate [188]. When the casting speed was 15 m/min, the grain size of the strip 
was measured as 10-60 µm and microstructure was stated to be less uniform. When 
the casting speeds were 12 m/min and 9 m/min, it was proposed that the grain sizes 
were 20-100 µm and 30-120 µm respectively, with better uniformity of the size. 
With the increase of the casting speed, the grains were finer but more non-uniform. 
The average grain sizes were 15-50 µm, 10-40 µm, 5-30 µm and less than 20 µm for 
casting temperatures of 660, 650, 640 and 630ºC [188]. With the decrease of the 
casting temperature, the as-cast microstructure was finer and more non-uniform, and 
was changed from equiaxed grains to sphere-like grains and further to flat         
grains [187,188]. 
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Figure 2.110 : Microstructure of as-cast AZ31B strips at different cast temperature:     
a) 690ºC, b) 675ºC, c) 660ºC and d) 640ºC [187]. 
Moreover, hot rolling experiments and also Gleeble rolling simulations were 
performed on the magnesium alloy sheets [189]. The cast strip was homogenized at 
400ºC for 4 h. Figure 2.111 shows the homogenized microstructure in which           
β-Mg17Al12 particle decreased in number and grain size almost did not change as 
reported by the authors [190]. 
 
Figure 2.111 : Microstructure of AZ31 strip at homogenizing temperature of 400°C 
for 4h [190]. 
Prior to rolling, 3×100×200 mm strip specimens were heated in a resistance furnace 
at 350ºC for 15 minute and were then immediately rolled from 3 to 1mm under 
various reductions per pass of 12, 10 and 8 %. The roll surface temperature was 
100ºC and roll speed was 9 m/min. Specimens were reheated up to 350ºC and kept at 
that temperature for 15 minute. The specimens were air cooled after the final pass. 
The rolled specimens were annealed at 300ºC for 30 minute [190]. Mechanical 
properties of the rolled and annealed AZ31 sheets of 1 mm in thickness are given in 
Table 2.24. 
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Table 2.24 : Mechanical properties of the rolled and annealed AZ31 sheets of 1mm 
in thickness [190]. 
 
Moreover, several modelling works were achieved by M. Yang et al. at Chongqing 
University. On the basis of their mathematical model, Yang et al. were able to 
simulate the effects of pouring temperature, casting velocity and pool height, 
dendrite spacing and the columnar grain growth angle [183]. 
2.4.6.6 Research Center of High Technology, Anshan University of Science and 
Technology 
At Research Center of High Technology, Anshan University of Science and 
Technology TRC experiments were carried out in a pilot vertical type twin-roll caster 
with two water cooled rolls at room temperature [191]. The roll diameter was 300 
mm and the width was 100 mm. The casting conditions were as follows: casting 
speed 8, 13, 18 m/min; pouring temperature 680, 700 and 720ºC. Then, the cast 
AZ31 strips were homogenized at 350, 400 and 450ºC for 1 h and air cooled to room 
temperature to improve the mechanical properties of strip. As-cast sheet had a UTS 
of 175 MPa and elongation of 9 %. Maximum UTS of 220 MPa with elongation of 
11 % was achieved for pouring temperature of 680ºC and annealing temperature of 
450ºC with casting speed of 18 m/min [191]. 
2.4.6.7 Other Chinese Studies of VTRC 
Central South University and Northeast University of China used electromagnetic 
field for the VTRC process. In 2003, Northeast University produced AZ31 sheets, 
with rolls of 500 mm in diameter and 250 mm in width. Magnesium alloy flakes 
were produced with rapid solidification by VTRC in Hunan University [179]. 
In the studies of Hu et al. Vertical twin roll casting modelling was performed by 
FEM on AZ31 alloy. The study was made by School of Materials Science and 
Engineering, University of Science and Technology Liaoning, China, Department of 
Materials Science and Engineering, Saitama Institute of Technology, Fukaya, Japan 
and School of Materials Science and Engineering, Anshan University of Sci. & 
Tech., China [192,193]. 
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2.4.6.8 Comparison of HTRC and VTRC Processes Used in China 
VTRC and HTRC comparison is listed in Table 2.25 as formed by Ding et al. [179]. 
Under the same diameter of the roll, the effective cooling arc and the cooling rate of 
the roll used for the VTRC are stated to be 10 times of those of the roll used for the 
HTRC. Therefore, the heat transmission of the VTRC is reported to be more 
effective and the casting speed of the VTRC is higher. Thus, the VTRC is known to 
be better for thin magnesium alloy strips with fine grains. However, the melt surface 
in the melt pool during HTRC is separated with the roll. In the VTRC, the melt 
surface contacts with the rolls, and the rotation of the roll can harm the stability of 
the melt surface. Therefore, the distribution of the melt and the control of pool height 
are relatively easier in the HTRC. HTRC is stated to be more suitable for producing 
the wide magnesium alloy sheets since wide sheets require more control of the 
uniform melt distribution [78,179]. 
Table 2.25 : Comparison between vertical and horizontal twin roll casting [179]. 
 
2.4.7 Norway 
2.4.7.1  Hydro 
In Hydro, Norway, a horizontal twin roll casting system pilot line was established 
with magnesium melting and holding furnace with a capacity of 300 kg/h, a siphon 
system, nozzle flushed with protective cover gas and the twin rolls as shown in 
Figure 2.112 [46,195]. Magnesium alloy AZ31 sheets of 4.5 mm thickness and up to 
410 mm width were produced with roll speeds of 1.4-2.1 m/min. For long term test 
of the system, 1 ton of magnesium was produced for more than 1 h without 
interruption [46].  
Sheets were annealed at 400°C for 1 h and then hot rolled down to 1.5 mm at that 
temperature. 10%-40% thickness reductions were applied for each pass. After 
rolling, the sheets were annealed at 350°C for 30 min [46]. 
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Figure 2.112 : Top view on the pilot caster, the feeding melting/holding furnace and 
the cut-to-length shear [46]. 
As-cast AZ31 sheet surface was smooth and shiny with some edge cracking (about 
10 mm) stated to be on a level similar to aluminium alloys (Figure 2.113). As-cast 
average grain size was calculated to be around 200 µm (Figure 2.114). Cell sizes 
were measured as 5.5-6.5 µm. Solidification rate was calculated as 270 K/s [46]. 
 
Figure 2.113 : Top view of TRC sheet, showing moderate edge cracking [46]. 
After homogenization at 400°C for 1 h, it is stated that the eutectic phase was 
dissolved, the material was homogenized and the grain size was refined due to plastic 
deformation during the TRC process and subsequent recyrstallization during 
annealing (Figure 2.115). The grain size was 20 µm with 10 % reduction per pass 
and was below 10 µm for the higher reductions [46]. 
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Figure 2.114 : Representative micrograph of grain structure in as-cast (TRC) 
condition (polarized light) micrograph of second phases     
(Mg17Al12) [46].  
 
Figure 2.115 : Representative micrograph of grain structure in as homogenized 
condition (polarized light-bright field image), close to the          
surface [46]. 
It was stated that tensile test properties of the rolled sheets were comparable to or 
better than conventional AZ31 sheets (Figure 2.116). Yield strength of max.          
190 MPa and UTS of max 275 MPa was achieved after rolling. In addition, 
elongation values reached more than  20 % [46]. 
 
Figure 2.116 : Tensile test properties Rp0,2, Rm and elongations Ag and A80mm of 
TRC sheet in final condition in longitudinal direction [46]. 
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2.4.8 United Kingdom 
2.4.8.1 Brunel Centre for Advanced Solidification Technology (BCAST), Brunel 
University 
In Brunel Centre for Advanced Solidification Technology (BCAST), Brunel 
University, United Kingdom, a twin roll caster with adjustable load was designed 
and attached to a MCAST (melt conditioning by advanced shear technology) device 
to produce Mg alloy sheets [196-200]. The MC-TRC (melt conditioned twin roll 
casting) process combines the MCAST process and the TRC process (Figure 2.117). 
The MCAST equipment has a pair of co-rotating screws those rotate inside a barrel 
to achieve high shear rate and high turbulence. It is mentioned that this guarantees 
uniform temperature and composition and the homogeneous transfer of heat in 
magnesium melt by high nuclei survival rate [196-206].  
It is told that, melt shearing disperses oxide particle clusters and breaks up oxide 
films (MgO) which are well wetted by the liquid alloy. These oxide particles act as 
nucleation sites for α-Mg grains, or for intermetallic particles (Al8Mn5), which then 
nucleate the primary phase (α-Mg). Therefore, a fine, uniform and equiaxed 
microstructure is reported to be formed. Columnar grains and the macro-segregation 
are stated to be minimized [196,197]. 
 
Figure 2.117 : Schematic illustration of the melt conditioned twin roll casting (MC-
TRC) process [196]. 
MC-TRC process was applied under N2 + 0.5 vol % SF6 gas mixture in steel crucible 
at 650-700ºC. Inner watercooled steel rolls were 318 mm in diameter and 350 mm in 
width. The casting speed was 2 m/min and the roll gap was 3 mm. The melt was 
sheared at maximum 1000 m/min. AZ91D, AZ61 and AZ31 Mg alloy strips were 
produced by both TRC and MC-TRC processes by I. Bayandorian et al. [196].  
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Figure 2.118a shows the microstructure on the entire cross-section of the AZ91 TRC 
strip in the longitudinal direction. The top and bottom parts of the strip show mostly 
columnar grain structure. However, in the central region, a more equiaxed grain 
structure was observed. Significant central line (Figure 2.118b-c) and surface 
segregation were also observed in the TRC strip [197]. 
To quantify the grain size in the different locations, the variation of grain size 
through the thickness in the samples was investigated. The result was shown in 
Figure 2.119. The sizes of grains were reported smaller (about 220 µm) in the chill 
zone. However, in the column zone, grain sizes were 550~750 µm. In the central 
zone the grain size was reduced to 300 µm [197].  
The composition variation throughout the entire TRC strips was also investigated. 
Along the thickness direction from the top surface to the bottom surface, the content 
variation (wt %) of Mg, Al and Zn elements with increasing the distance were shown 
in Figure 2.120. With increasing the distance, Al and Zn contents had no obvious 
variation. But, at the central region, both Al and Zn contents started to change and 
increased sharply. Al content reached to nearly 20 % and Zn content was up to          
3 % [196-198]. 
Authors emphasized that there was severe central line segregation in the as cast strip. 
With further increasing the thickness from the centre to the bottom surface, both Al 
and Zn content were reduced, which had the same variation with that from the centre 
to the top [196]. 
Figure 2.121a shows the cross-sectional microstructure of the MC-TRC strips with a 
thickness of 4 mm in the longitudinal direction. No macro-segregations or columnar 
dendrites were observed throughout the entire sample. Only equiaxed grains with 
uniform size (60~70 µm) were observed [196].  
Figure 2.122a and b show the average grain sizes of MC-TRC AZ61 and AZ31 alloy 
sheets throughout the thickness in longitudinal (LD) and transverse directions (TD). 
Authors found that the average grain sizes were 70~80 µm and they were equiaxed 
and uniform in both directions [196]. 
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Figure 2.118 : a) Microstructure of the entire cross-section of TRC AZ91D strip 
along the longitudinal direction, b) (A-E) microstructural variation 
throughout the whole thickness direction from the top to the bottom 
[196]. 
 
Figure 2.119 : Grain size variation with increasing thickness in the 4 mm thick 
AZ91D alloy strips produced by TRC process [197]. 
 
Figure 2.120 : Chemical composition variation (Mg, Al and Zn) with increasing 
thickness in the 4 mm thick AZ91D alloy strips produced by TRC 
process [197]. 
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Figure 2.121 : a) Microstructure of the entire cross-section of MC-TRC AZ91D 
alloy strip along the longitudinal direction, b) microstructural 
variation throughout the whole thickness from the top to the     
bottom [196]. 
 
Figure 2.122 : Grain size variation of MC-TRC a) AZ61 and b) AZ31 alloy strips 
throughout the thickness showing the extremely uniform        
structure [196]. 
Z. Fan et al. also studied the comparison of TRC and MC-TRC of 4 mm AZ91D 
alloy sheet [197,198]. Figure 2.123 shows the microstructures and Figure 2.124 
shows grain size variations of the as-cast AZ91D alloy strip produced by both the 
TRC and the MC-TRC processes. Average grain size in the TRC was 200-600 µm 
through the strip thickness. In the MC-TRC an average grain size of 60 µm 
throughout the entire strip thickness was observed [197,198]. 
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Figure 2.123 : Microstructure of AZ91D alloy strip (4 mm thickness) produced by   
a - b) the conventional TRC process and c - d) the MC-TRC process 
The Letters ‘S’ and ‘C’ denote the surface and the centre of the strip, 
respectively [198]. 
 
Figure 2.124 : Grain size variations of the as-cast AZ91D alloy strip produced by 
both the TRC and the MC-TRC processes [198]. 
Moreover, superplastic forming experiments were performed on TRC AZ31 and 
AZ91 sheets by Warwick Manufacturing Group, University of Warwick, UK, 
Department of Engineering Materials, University of Sheffield, UK, Laboratory of 
Metal Physics and Technology, ETH Zürich, Switzerland and BCAST, Brunel 
University of Warwick, UK [199,200]. 
2.4.9 Canada 
CANMET, in partnership with GM of Canada and McGill University, and with 
funding from CLiMRI, had undertaken a significant research project on the 
development of Mg sheet for automotive applications. It includes the development of 
a moving plate simulator for casting of Mg plate, thermomechanical process 
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optimization and correlation of performance with microstructural and performance 
properties. The production of sheet will be by near net shape casting thin plate 
followed by hot rolling. In addition, to simulate strip casting of magnesium alloys, a 
moving-plate caster was installed in CANMET Materials Technology Laboratory, 
Canada. Dynamic recrystallization, hot torsion, hot working, rolling, finite element 
modeling of hot rolling are other projects held in Canada [207]. 
2.4.10 Summary of magnesium TRC processes 
All of the parameters used for the twin roll casting processes from different 
companies and universities from the world and achieved properties of the twin roll 
casted magnesium sheets are also summarized and tabulated in the Appendix section 
for comparison purposes.  
2.5 Rolling Process 
There is no certain procedure for rolling process of magnesium alloys. In 
conventional rolling, generally, a slab which can reach a weight of 1000 kg with 
thicknesses of 10-30 cm is used. Frequently, the width is approximately 4 times of 
the thickness. Before rolling, slabs are preheated at around 500ºC. Firstly, the slab is 
hot rolled nearly 425-450ºC by using hot rolls and the reduction per pass reaches   
10-20 %. Between each pass, the temperature of the slab may go down to 250ºC and 
than is reheated. The “breaking down procedure” which can be done on the rolling 
direction or afterwards on right angle or rotated at each pass continues until the 
required final thickness is achieved [2].  
For “sheet rolling” hot rolls with flood lubrication is used. Lubricants are generally 
hot 2 % soluble oil with lard oil or paraffin; colloidal graphite or water soluble oils. 
This process is applied around 350-450ºC with a reduction per pass of 5-20 %. 
Furthermore, “finish rolling” can be done cold or at around 250ºC with a reduction 
per pass of 5 % with lubrication. Before finish rolling or sheet rolling such surface 
treatments as wire brushing, pickling and dressing are necessary [2]. In the following 
sections some rolling processes of magnesium alloys will be reviewed and 
summarized. 
Two different rolling procedures were tried in the study of Mino et al. at Waseda 
University, AIST and Nagaoka University of Technology, Japan as warm rolling 
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after hot rolling and hot rolling after warm rolling [208]. The material used was    
1.5-3 mm thick twin roll casted AZ61-0.5%Ca alloy. These combined rolling 
processes of hot rolling accompanying dynamic recrystallization with warm rolling 
and room temperature rolling introduces highly piled dislocation area as shown in 
Figure 2.125. 
 
Figure 2.125 : Recrystallization mechanism in structure-control rolling [208]. 
In the former case, crystal rotation in hot rolling forms basal plane texture as shown 
in Figure 2.126. Therefore, introduction of dislocation in warm rolling is difficult 
because of low resolved shear stress to basal plane [208]. 
 
Figure 2.126 : Phenomena in rolling pass when rolling temperature transformed 
from high to low [208]. 
Additionally, in order to bring static recrystallization, heat treatment must be applied 
after warm rolling. In the latter case, grains of cast strip before warm rolling have 
random crystal orientation. Consequently, as shown in Figure 2.127, it is easy to 
introduce a number of dislocations in grains [208].  
 
Figure 2.127 : Phenomena in rolling pass when rolling temperature transformed 
from low to high [208]. 
The recrystallisation temperature is approximately 225-300°C for magnesium    
alloys [209]. Dynamic recrystallization can occur during hot rolling in the roll gap. 
After leaving the roll gap, since the temperature is higher than recrystallization 
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temperature, static recrystallizion can also be observed as shown in                    
Figure 2.128 [209].  
 
Figure 2.128 : Schematic view of recrystallization in rolling [175]. 
To change the texture that formed by longitudinal rolling to a more random texture, 
several rolling schedules can be applied such as reversing rolling or cross rolling. 
These rolling types are shown in Figure 2.129 [209]. 
 
Figure 2.129 : Schematic views of longitudinal rolling, reversing rolling and cross 
rolling [209]. 
In the study of Perez-Prado, the investigated AM60 alloy was as cast slabs of 3 mm 
thickness [210]. To obtain single-phase, equiaxed microstructure shown in Figure 
2.130b solution heat treatments at 450°C for 30 min were applied. Large strain 
rolling consisting on one rolling pass at 375°C to different final thicknesses was 
carried out in the solution treated samples. The thickness reductions imposed were  
10 %, 20 %, 30 %, 50 %, 68 %, and 80 % [210]. 
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Figure 2.130 : Optical micrographs showing the microstructure of the AM60 alloy: 
a) as-cast and b) heat treated at 450Cfor 30 min [210]. 
Moreover, Perez-Prado et al. used Mg AZ61 extruded alloy in another study [211]. 
At 375°C both as-received sheet and two slabs were subjected to one rolling pass of 
30% reduction. After rolling, samples were quenched in water [211].  
In the study of Hyo Tae Jeong et al. warm rolling of AZ31 was performed [212]. 
Warm rolling was performed in single pass with reductions of 18, 30 and 50 %. It 
was carried out at a specimen pre-heating temperature of 200°C and roll surface 
temperature of 110°C and at the roll speed of 30 m/min. All specimens were soaked 
for 1 h at respective runs [212]. In the study of F. Kaiser et al. rolling studies of 
AZ31 alloy were performed [213]. 
The AZ31 ingots were used by Shehata et al. [214]. Before hot rolling, the sliced 
strips were soaked for one hour at temperature of 400°C. The rolls were heated to 
150°C and operated at a speed of 50 rpm. The reduction was carried out on a single-
stand, using a three-pass schedule (30 % reduction per pass), with a finishing 
temperature above 250°C. The temperature drop during rolling increased as the 
thickness decreased. Typical temperature drops in the first, second and third passes 
were 50, 100 and 150°C, respectively. After each pass, the strip was “intermediate” 
annealed at 400°C to maintain the rolling temperature. The three-pass rolling 
schedule (30 % reduction each) at 400ºC was found to be sufficient to replace the 
coarse grain cast structure (~200 µm) with a fine grain structure (~12 µm) of mostly 
(90 %) recrystallized grains and a small portion (10 %) of fine segments of cast   
grains [214]. 
2.5.1 Asymmetric rolling and different speed rolling 
The asymmetric rolling (ASR) process research was carried on by Kim et al. and 
they suggested to modify texture developments and reduce the grain size of AZ31 
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Mg alloy sheets [215]. In ASR process, the circumferential velocities of the upper 
and lower rolls are different; so shear deformation can be applied throughout the 
thickness of the sheets [216,217]. In the experiments, the ratio of upper to lower roll 
diameter was 1.5 with the same revolution speed. A multiple pass asymmetrically 
rolled sheet prepared by symmetric rolling from 20 to 6.5 mm in thickness at 7 
passes, followed by asymmetric rolling to 1 mm thickness in 9 passes, rotating the 
sheet about the rolling direction at every asymmetric rolling pass. The rolled sheets 
were annealed at 300°C for 1 h. Asymmetric rolling brings the intensity of the 
{0002} basal textures decreased from the upper surface through the center to the 
lower surface regions of the sheets [215]. 
 
 
Figure 2.131 : Longitudinal section optical micrographs of multiple pass 
asymmetrically hot rolled AZ31 sheets [215]. 
In the study of W.J. Kim et al. very small grain sizes of 1–2 µm, comparable to those 
of the same alloy in a bulk form produced by equal channel angular pressing (ECAP) 
after multi-pressing, were obtained [218]. The material used in the study was 
extruded AZ31 plates. In Different Speed Rolling (DSR), the diameters of the upper 
and lower rolls were identical and the ratio of upper to lower roll speed was set to be 
3:1 [218]. The rolling was conducted on a specimen pre-heated to a temperature of 
140, 160, 200, 250 or 350°C (Figure 2.132). The roll surface temperature was 
maintained at the specimen pre-heating temperature for the three lowest 
temperatures. All the plates were reduced to 0.6 mm from 2 mm (70 % reduction) by 
a single pass of rolling [218]. 
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Figure 2.132 : The optical microstructures of asymmetrically rolled sheets processed 
at: a) 140, b) 160, c) 200, d) 250 and e) 350°C [218]. 
In the study of Kim et al. AZ61 sheets were processed by severe plastic deformation 
(SPD) using differential speed rolling (DSR) with a high speed ratio (3:1) contained 
ultrafine grains 0.3–0.5 µm in size after a single rolling pass at 200°C for a thickness 
reduction ratio of 70 % [219]. 
Microstructure evolution and superplasticity in AZ31 alloy by differential speed 
rolling (DSR) with a highspeed ratio (=3) was examined by Jeong et al. [220]. With 
increase in thickness reduction (a single rolling pass for a 70 % reduction) by DSR at 
200°C, degree of grain refinement and microstructure homogeneity increased. 
Recrystallized grains with an average grain size of approximately 2 µm were 
achieved [220]. 
Moreover, FEM modelling as described in Figure 2.132 were used to explaine why 
the c-axis inclined to the opposite direction of the RD in the coarse grain regions of 
the DSR processed sheet as proposed by Ji et al. [221]. During the DSR processing, 
it is thought that the unidirectional shear bands are formed near the roll entrance. For 
a “block” (shadowed) near the roll exit, it is schematically showed that the lower 
surface of the block is out of the roll exit, however, the upper surface still contacts 
the high speed roll. Consequently, this “block” receives the frictional force and the 
press forces from the high speed roll [222]. 
The differential speed rolling (DSR) with a roll speed ratio of 1.167 was carried out 
by Huang et al. on an AZ31B magnesium alloy in order to investigate its effects on 
the formability [223]. Huang stated that compared with ECAP and friction stir 
processing (FSP), the advantage of DSR is the capability of forming large thin parts 
and the potential to meet industrial needs [223]. 
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Figure 2.133 : a) Schematic illustration of the formation of the unidirectional shear 
bands during the DSR processing. b) Sheet rotated to be a horizontal 
state after the DSR processing. Here, dash lines in sheet represent the 
basal planes [222]. 
The DSR process was carried out on the heat-treatable AZ80 alloy by Huang et al. A 
homogeneous microstructure with a small grain size of 7 µm was achieved. The 
DSR-processed sheet in the as-rolled condition exhibits a combination of high 
strength (UTS: 329 MPa) and high ductility (εf: 25 %) [224]. 
In the investigation by Tsunemichi Imai et al., a different-speeds-rolling (DSR) 
processing was carried out on AZ31 and AZ91 alloys and the speed ratio of the upper 
roll and lower one was selected as 1.364. The roll temperature was increased to 
300°C. It was found that the DSR processing had a remarkable effect on grain 
refinement [225].  
2.5.2 Accumulative roll bonding 
The accumulative roll-bonding (ARB) is another method of severe plastic 
deformation proposed by Saito et al. [226]. ARB involves severely deforming sheet 
metal without changing the original sheet dimensions. The advantage of ARB is 
stated that it is applicable to produce large bulk sheet materials. This process consists 
of repeating of cutting, stacking and rolling of sheets. Grain refining after ARB of 
the Mg-Al-Zn alloys, where the grain size was reduced to about 3 µm which was 
reported  by Perez-Prado et al. and Del et al. [227,228]. 
Grain sizes of the as-rolled sheet were refined to 3.16 µm and 3.45 µm after ARB at 
300°C and 400°C for three cycles, respectively by Zhan et al. [229]. They declared 
that due to the occurrence of recrystallization during the rolling process, an equiaxed 
and homogeneous grain structure occured. Average tensile elongation was measured 
to be 29.3 % [229]. 
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2.5.3 Cross rolling 
In the study of Yasumasa Chino et al., cross-roll rolling, in which the roll axis was 
tilted by 7.5° against TD in RD–TD plane, was used [230]. The alloy was AZ31. The 
Erichsen values of the cross-rolled specimens showed superior press formability 
compared with those of the specimens by normal-roll rolling. This was stated to be 
related to a reduction in directional dependence of the thickness-direction strain and 
width-direction strain normalized by the tensile-direction strain (r-value) [230]. 
2.5.4 Commercial sheet production 
In this section commercial sheet production, its limits and properties will be 
summarized by giving examples from the most known magnesium sheet producers in 
the world. 
2.5.4.1 Salzgitter, Germany 
In Germany, Salzgitter Magnesium-Technologie GmbH, magnesium sheets and 
plates are produced by conventinal casting methods to thickness of 5-150 mm 
(Figure 2.133) [231]. They can be produced to a maximum width of 2000 mm by 
sequential rolling operations (Figure 2.134). Structural automotive part produced by 
hot drawing and laser cutting is shown in Figure 2.135. Typical mechanical 
properties of Mg AZ31 1-5 mm sheet after rolling are given in Table 2.26. 
 
 
Figure 2.134 : Magnesium alloy plates formed by conventional casting method in 
Salzgitter, Germany [232]. 
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Figure 2.135 : Magnesium alloy sheets formed by rolling in Salzgitter [231,232]. 
 
 
Figure 2.136 : Structural automotive components  produced by hot drawing and 
laser cutting [232]. 
Table 2.26 : Typical mechanical properties of Mg AZ31 sheet after rolling [232]. 
  
2.5.4.2 Germany “ULM–appropriate process chain for ultralight components 
made of magnesium sheet metal for automotive applications” project 
In Germany there is a project titled “ULM– Appropriate process chain for ultralight 
components made of magnesium sheet metal for automotive applications” which 
focuses on sheet production of magnesium alloys for automotive industry. According 
to the project there should be certain procedures for sheet production and certain 
properties and specifications for the sheets [142]. Figure 2.136 illustrates the process 
chain of magnesium sheet part. Since magnesium sheets shall be applied to outer 
parts of the automotives there are very strict requirements on their quality properties, 
as shown in Figure 2.137 [142]. Table 2.27 explains the key parameters of the rolling 
process on a variety of sheet quality features. 
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Figure 2.137 : Process chain for the production ofmagnesium sheet parts [142]. 
 
Figure 2.138 : Quality reqirements for magnesium components [142]. 
Table 2.27 : Influence of rolling parameters on sheet quality features [142]. 
 
Figure 2.139 illustrates the possible modifications to improve tribological conditions 
for rolling of magnesium sheets. 
 
Figure 2.139 : Control loop to improve tribological conditions for rolling of 
magnesium [142]. 
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As a summary, in Germany “ULM Appropriate process chain for ultralight 
components made of magnesium sheet metal for automotive applications” project 
deals with sheet production and processing. Magnesium AZ31 sheets were produced 
with a width up to 1900 mm and a length of approximately 2300 mm. The surface 
quality suits “Class A” application and ductility values reach 23 % at room 
temperature, so that heated deep drawing allows the production of even complex 
structures [142].  
2.5.4.3 Magnesium Elektron, UK & USA 
In Magnesium Elektron, magnesium alloys (AZ, ZM, AZM) are produced as plate, 
sheet, coil from continuous direct chill casting with maximum width of 1115 mm and 
maximum length of 2080 mm billets [233] 
2.5.4.4 Conventional sheet productions in China 
There are more than 30 magnesium sheet and profile producers and 23 magnesium 
plate billet producers in operation in China today. There are 22 research institutes 
and universities work in conjunction with these companies. Some examples of 
magnesium sheet production in China will be given below [234]. 
North-east University, Yinkou Galaxy Magnesium & Aluminum Alloy Co. 
developed the isothermal extrusion and rolling technology to produce 3 tons of 
AZ31B 0.6 mm×300 mm×325 mm sheets [234]. 
Luoyang Hualing Magnesium Co. produced 200×800 mm×4-5 m magnesium alloy 
plate billets and 600 mm×4-5 m rod billets. Moreover, the company will forge      
600 mm magnesium alloy billets and then hot roll them into 78-100 mm plates,   
800-1200 mm wide and 1200-1940 mm long [234]. 
Chongqing Aluminum Profiles Manufacturing Co. in cooperation with Chongqing 
University and Sichuan University can produce 0.5-70×750×1500 mm, 0.6-2.0×600, 
and 0.18×800×1500 mm AZ31 plates [234]. 
2.5.4.5 Other conventional sheet productions 
Other well known conventional sheet producers in the world are Doo Won Industrial 
Company, Ltd. from Republic of Korea, and Gaupad Chemicals and Exclusive 
Magnesium Pvt. Ltd. from India [235,236]. 
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2.6 Comparison of TRC and DC Sheets 
Several studies were performed for comparison of twin roll casting (TRC) and 
conventional direct chill (DC) casting processes. A blind study of the effect of 
processing history on the constitutive behaviour of alloy AZ31B was performed by 
Polesak et al. [237]. Four heats of AZ31B magnesium alloy sheet were examined. 
Each of the sheets was received in the O temper (fully annealed) condition with a 
thickness of 1 mm and a length and width of 600 mm. Some of the alloys were 
produced by twin roll casting (TRC) and warm/cold rolled and others were direct 
chill (DC) casted, hot rolled, and warm/cold rolled. It was emphasized that neither 
the metallographic nor mechanical characterization made the processing history 
clear. The authors also stated that the details of processing history are not so 
important [237]. 
In the study of J.T. Carter et al. from GM, AZ31 magnesium sheets produced by DC 
casting process and TRC process were compared [238]. The comparison was for hot 
forming purposes. Those Mg sheets are thought for potential car body panels. The 
paper compared microstructure and mechanical properties at room temperature and 
also at high temperatures. Besides, biaxial bulge forming tests were performed. The 
results of the study showed that TRC sheet had significantly finer grain sizes than the 
DC sheet. Moreoever, it was observed that the DC sheet contained relatively few and 
relatively large Al-Mn particles. TRC exhibited Al-Mn particles in larger quantities 
but the sizes were smaller. In addition, DC sheet had many bands through the entire 
sheet thickness, and TRC sheet had center segregation [238]. 
Room temperature mechanical properties of two different sheets were similar. DC 
sheets were slightly weaker but more ductile than TRC sheets at room temperature. 
Moreover, DC sheets had significant in-plane anisotropy of yield strength. However, 
TRC sheets had only in-plane anisotropy of ductility. High temperature mechanical 
properties and hot forming capabilities of TRC sheets were similar or even better 
than the convetional DC cast Mg sheets [238]. 
In the study of Ravi Merva et al., magnesium AZ31 sheet alloys from three different 
sources, two DC cast and rolled; and one TRC and rolled were used in 1.5-2.0 mm 
thickness and H24 and O temper conditions [239]. Their study aimed high 
temperature formability by tensile testing. Their experiments showed that DC and 
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TRC rolled sheets showed significant differences in hot tensile testing: TRC sheet 
showed a greater strain rate sensitivity of flow stress, m, than does DC sheet. The 
high values of m displayed by TRC sheet at 450°C and 0.001 /s suggested by the 
authors that it would perform better in superplastic forming operations. Moreover, 
TRC sheet had finer grain size [239]. 
Moreover, GM Group as a part of USCAR Program made several tests on TRC Mg 
AZ31 sheets. Materials were provided by Magnesium Elektron, POSCO, Thyssen 
Krupp, CSIRO and LY Copper. AZ31B (1.0 mm x 550 mm x 600 mm) sheets were 
in O temper condition on 100 blanks. Materials were coded to not reveal         
supplier [204].  
2.7 Cost Comparison of Continuous Casting Merthods of Magnesium Alloys 
Magnesium sheet price is very critical in order to be applied for automotive industry 
and for other several industries [12,23,241]. In the study of Herling, a cost 
assessment was made for two potential continuos casting processes for magnesium 
alloys: twin roll casting and twin belt casting [242]. In developing the cost model, the 
design and data used were largely based on information and experience with 
aluminum continuous casting. However, some anticipated modifications were done 
for magnesium sheet production by the author. Hazelett and FATA Hunter producers 
were used as sources of some information and prices. The model focused on three 
items: magnesium metal cost; casting process cost; and sheet rolling cost [242]. 
The projected production costs for twin roll and twin belt casting of 1.5 mm thick 
magnesium sheet were calculated to be $1.97/pound and $2.43/pound, respectively. 
This is compared to an industry quoted price (including profit and overhead costs) of 
$4.50/pound for magnesium sheet produced by conventional ingot metallurgy 
methods in year 2005. The values used were 1.5 mm thick and 1 m wide sheet at a 
production volume of 10,000 tons per year (tpy). The sheet thickness and width were 
considered for automotive body panels, while the production volume represents a 
roughly 10x increase over the current sheet production volume by conventional 
processing [242]. 
The base metal price input for the base case, using AZ31 alloy, was set using the 
prices of the individual constituents (Mg, Al, and Zn) at the June 2005 American 
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Metal Market free-market price in proportion to their concentration in the alloy. The 
resulting input price used was $1.47/pound [242]. However, it is worth mentioning 
that Metal Bulletin European free market prices of metric ton of magnesium changed 
from 1,650-1,700$ (2005) to 2,500-2,600$ in second quarter of 2007 and to 6,000-
6,200$ ($3.40-$3.65 per pound) in second quarter of 2008 [242-246]. Prices dropped 
to $2,700-2,900/mt in 2009 again [247,248]. Moreover, Metal price is the key 
component for magnesium sheet price. It represents 66 to 82 % of the total sheet cost 
in the base cases [242]. 
As proposed by the author, based on information obtained from discussions with a 
supplier of twin-belt casting equipment (Hazelett), capital cost for a unit consisting 
of a caster and associated in-line rolling stands was approximately $80 million. 
Again, information from a supplier of twin-roll casters indicated that a casting unit 
costed $6 million (Fata Hunter) in 2005 [242]. These results are summarized in Table 
2.28-2.32. 
Table 2.28 : Base Case Results for Twin-Belt Casting [242]. 
 
Table 2.29 : Metal Prices [242]. 
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Table 2.30 : Base Case Results for Twin-Roll Casting [242]. 
 
Table 2.31 : Results for Base Cases [242]. 
 
Table 2.32 : Annual Production Volume [242]. 
 
2.8 Texture and Anisotropy 
Magnesium sheet alloys are known to be strongly textured [249-251]. Therefore, the 
effect of texture on the mechanical response should be investigated. Figure 2.139 
shows a typical rolling texture development for magnesium. Before rolling, the slab 
has a random texture, while after rolling there is a preferred orientation of the basal 
poles. In this thesis, we are interested in the anisotropy and the mechanical properties 
of magnesium wrought alloy (i.e. properties that vary with direction). Anisotropic 
aggregate of polycrystal material properties depend on the properties of the single 
crystal and also on the totality of crystalline orientations [252]. Texture is the non-
random, preferred orientation of grains in polycrystals. Thus, texture affects material 
properties such as mechanical properties, electrical and thermal properties. Texture 
determination can be performed with diffraction techniques [252].  
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Figure 2.140 : Cold-rolling and corresponding texture of magnesium sheet. 
X-ray diffraction is the most commonly used technique to measure preferred 
orientation. Wever was the first to use x-ray diffraction for texture analysis 
[252,253]. The Schulz method is the first modern x-ray texture analysis [254]. A four 
axis x-ray goniometer is used for texture analysis. The goniometer is positioned to 
satisfy Bragg’s law. The texture data is represented with a stereographic projection 
called “pole figure”. Pole figures show the variation of pole intensities with 
orientation. It presents the density of a crystal direction with respect to the sample 
coordinate system [255]. 
When there exists a preferred orientation such that a significant fraction of the 
crystallite lattices are oriented in a similar manner, the polycrystal begins to take on 
the anisotropic nature of the single crystal. Figure 2.140b depicts such a structure in a 
manner similar to that of Figure 2.140a. When preferred orientation exists, the 
structure is said to be textured or that it has a strong texture. When the lattices are 
randomly oriented, the structure has no texture or is termed randomly textured [55]. 
 
Figure 2.141 : A two-dimensional depiction of a polycrystalline material with cubes 
representing unit cells of the crystallite lattice for a) a randomly 
textured material and b) a material with preferred orientation [55]. 
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2.8.1 Cold-rolling textures of magnesium alloys 
A study of cold-rolled hexagonal metals by Phillippe and Phillippe et al. showed that 
basal texture is common for the Zn, Mg, Zr and Ti metals [256-259]. This is due to 
the reorientation of grains due to basal slip and/or tension twinning 
[256,257,259,260]. Magnesium alloys exhibit a near basal fiber texture with 
approximately a 10˚ deviation to the rolling direction [7].  
Sheet metal formability is related to its texture and microstructure. Agnew, F. Kaiser 
et al., Agnew and Duygulu also studied on this subject and finally they found that 
planar anisotropy of rolled Mg alloy sheets is attributed to the well developed 
{0002} basal plane texture with egg-shaped distribution [251,261-263]. Furthermore, 
Styczynski et al. and Barnett et al. verified the texture is similar as hot or cold rolled 
Mg alloy sheets [264-266]. Moreover, Koike et al. identified the grain refinement is a 
very attractive way to enhance room temperature elongation of Mg alloy            
sheets [267]. 
ECAP (equal channel angular pressing) has been suggested by Mukai et al., 
Watanabe et al., Kim et al. as a method for changing the texture or microstructure of 
Mg alloys [268-270]. This process can induce severe shear deformation on materials, 
which can weaken the basal texture or reduction of the grain size, and thereby, 
enhance the room temperature elongation. Authors found that magnesium alloys 
processed by ECAP exhibited large tensile elongations (~50-60 %) with remarkable 
strain hardening. 
2.9 Necklace Studies 
Recently investigations on wrought magnesium polycrystals increased in the 1990’s 
and especially in early 2000’s. Most of the deformation behavior of magnesium 
alloys is studied at elevated temperatures in Mg AZ31 (e.g. Barnett,  
Laser et al., Wendt et al. and Takuda et al.) [265,271-274].  
At high temperatures, superplasticity studies were performed by Mohri et al., 
Watanabe et al., Tan and Tan, and Zhang et al.[275,269,276-279]. Superplasticity 
and hot deformation studies are mostly focused on dynamic recovery and dynamic 
recrystallization (e.g. Ion et al., Kaibyshev et al. and Tan et al.) [280-284,276-278].  
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One shortcoming hindering the widespread use of magnesium alloys is that, at 
ambient temperatures, traditional magnesium wrought alloys exhibit poor formability 
in conventional forming operations. One way to solve this problem is grain 
refinement which is also needed to achieve superplasticity.  
Magnesium alloys, due to fast self diffusion, readily undergo dynamic 
recrystallization during hot working, a process that may be utilized for grain 
refinement [278,210,280,285-288]. An interesting feature of magnesium alloys is 
that, during recrystallization, a fine recrystallized grain structure called “necklace” 
forms along grain boundaries and, to a lesser degree, at twin boundaries (Figure 
2.141) [289]. Since necklace structure does not expand into all of the grains, it 
creates inhomogeneity in grain morphology. This affects further refinement of grains 
and also plastic forming of the alloy. Necklace regions are said to facilitate 
deformation based on the observed ductile shear zones in these locations [210-280]. 
It may also be speculated that such necklace formation would provide additional 
deformation mechanism for large grained magnesium materials due to grain sliding 
as in superplasticity [278]. 
 
Figure 2.142 : Illustration of necklace formation. 
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3. EXPERIMENTAL PROCEDURE 
In the following sections; first, the materials used are described. Then, the details of 
the methods employed for twin roll casting method, homogenization and ageing 
procedures, rolling processes, conventional casting method, optical metallography, 
SEM-EDS, EPMA-WDS, XRD phase analysis, XRD texture analysis, TEM, tensile 
testing and hardness measurements are explained in the given order.  
3.1 Material  
Commercially available ingots were used in the twin roll casting process (Figure 3.1). 
The chemical compositions of the purchased commercial magnesium alloy ingots 
were listed in Table 3.1. 
Table 3.1 : The chemical compositions of the purchased commercial magnesium 
alloy ingots (wt%). 
Sample Al Zn Mn Fe(max) Ni(max) Si(max) Mg 
AZ31D 2.5-3.5 0.6-1.4 0.2-1.0 0.002 0.001 0.05 bal. 
AZ91D 8.5-95 0.45-0.9 0.17-0.4 0.004 0.001 0.05 bal. 
AM50A 4.5-5.5 0.20 max 0.28-0.50 0.004 0.001 0.05 bal. 
AM60B 5.6-6.4 0.20 max 0.26-0.50 0.004 0.001 0.05 bal. 
For chemical compositions of the produced magnesium alloy sheets, Spectrolab M8 
optical emission spectrometer was used.  
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Figure 3.1 : Stack of commercial magnesium alloy ingots. 
For necklace studies the magnesium alloys used were commercially available       
Mg-AZ31 (3 wt% Al-1 wt% Zn) 1 mm (0.04 inch) sheet, 6.35 mm (0.25 inch) plate, 
9.53 mm (0.375 inch) diameter extrusion rod, and Mg-AZ61 (6 wt% Al-1 wt% Zn) 
3.18 mm (0.125 inch) diameter wire which were purchased from Alfa Aesar®. 
Table 3.2 : The nominal chemical compositions of the magnesium alloys used for 
necklace studies (wt%) [1]. 
Sample Al Zn Mn Mg 
AZ31 3.0 1.0 0.27 bal. 
AZ61 6.0 1.0 0.27 bal. 
For conventional casting method commercially available pure Mg and pure Al ingots 
were used (Table 3.3). 
Table 3.3 : The chemical compositions of the commercially available pure Mg and 
pure Al ingots used for conventional casting (wt%). 
Material Mg Al Si Mn Ca Fe 
Mg 99.9 0.0022 Trace 0.045 0.0024 0.008 
Al 0.29 99.08 0.0503 0.038 0.002 0.53 
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3.2 Twin Roll Casting Method  
Recently, an industrial scale magnesium twin roll casting plant has been set up in 
Kütahya, Turkey [289-295]. The system was incorporated with a gas-fired chamber 
furnace with a maximum melting capacity of approximately 3200 kg magnesium. 
The magnesium continuous casting system consists of siphon system, headbox unit, 
and ceramic tip in addition to melt furnaces. Water-cooled steel twin-rolls of       
1600 mm width and 1125 mm diameter with 15º tilt angle, a pinch roll unit, a cross-
cut shear and a coiler were incorporated into the system. Schematic illustrations and 
photographs of the magnesium twin roll strip casting system were shown in     
Figures 3.2-3.4. 
Commercially available ingots were first heated and charged into the melting furnace. 
N2, SF6 gases and Al-Be alloy were used to protect the molten alloy during melting. 
Nominal bath temperature was approximately 700ºC in the melting furnace.         
800-1500 mm wide commercially available ceramic tips were used. The tip and the 
rolls were heated by gas flame before casting process. The roll speed was              
1.5-3 m/min. Graphite was used as a lubricant. The temperature was controlled by a 
FLIR Systems ThermaCAM thermal camera and a thermocouple. 
 
Figure 3.2 : Schematic illustration of magnesium twin-roll strip casting system [294]. 
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Figure 3.3 : Schematic illustrations of magnesium casting systems [295]. 
  
  
Figure 3.4 : Photographs of magnesium twin-roll casting system. 
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Photographs of ceramic tip system, pinch roll unit, a cross-cut shear and a coiler 
system are shown in Figure 3.5 and 3.6. 
  
Figure 3.5 : Photographs of ceramic tip system 
  
Figure 3.6 : Photographs of pinch roll unit, a cross-cut shear and a coiler system. 
3.2.1 Magnesium holding and dosing furnace MDO 
RAUCH magnesium melting-holding and dosing (MDO) furnace was used for 
melting and holding of magnesium alloys in controlled and safe conditions. The 
MDO was equipped with two-chamber-crucibles (melt chamber and pump chamber) 
that can hold the melt magnesium at a constant level where the casting conditions 
remain stable. The maximum melting rate was 1500 kg/h with a max. capacity of 
3200 kg magnesium [295]. The MDO was gas fired. The properties of MDO furnace 
were given in Table 3.4 and photograph was given in Figures 3.7. 
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Table 3.4 :  The properties of MDO furnace [295]. 
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Figure 3.7 : Photograph of melting furnace [295]. 
3.2.2 Siphon system 
The siphon system transfers the melt between two furnaces (Figure 3.8). With the 
help of a mechanical pump, the siphon was filled with liquid magnesium and the 
melt was transferred.  
 
Figure 3.8 : A photograph of siphon system [295]. 
3.2.3 Headbox 
The headbox was used to serve the tip at the twin roll coaster with liquid magnesium. 
In the headbox, a contactless level measurement system, thermocouples and a 
pneumatic actuated valve were installed (Figure 3.9) [295]. The level measurement 
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system sends its data to the control system which regulates the magnesium pump to 
keep the level in the headbox even and constant [295]. When the optimum level in 
the headbox is reached, the pneumatic valve opens automatically and liquid 
magnesium flows through a heated tube and distributor between the rollers of the 
twin roll caster. The width of the distributor determines the width of the sheet metal 
which was casted. To avoid oxidizing of the melt an atmosphere of protective gas 
was provided to the head box and the distribution system. The pressure of the melt at 
the end of the feeding tube was controlled by the melt level in the headbox [295]. 
 
Figure 3.9 : Photographs of headbox system [295]. 
3.3 Homogenization 
As-cast Mg alloy samples were homogenized at 400ºC for 1-2-4-6 h in laboratory 
furnace. As-cast Mg AZ31 alloy sheets were also homogenized between 350-450ºC 
for 1-2-4-6 h in laboratory furnace. Moreover, some multi-step heating was applied 
in 6 hour intervals to achieve 12 h, 18 h and 24 h total time of homogenization. 
Before homogenization the furnace was heated to the test temperature waited for    
30 minutes and then 4 x 4 cm samples were put into the furncace. To cool down the 
specimens after total homogenization time, the samples were removed from the 
furnace and they were air cooled. The parameters used for laboratory scale annealing 
were applied to industrial scale homogenization treatments. 
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3.4 Ageing 
To be able to observe mechanical property changes and microstructural experiments, 
ageing studies were performed on AZ91 sheets. AZ91 alloy was chosen since it has 
the highest Al content and it is a common age hardanable alloy. Before ageing, the 
samples were homogenized at 400ºC for 6 h. The samples were aged at 200ºC for    
1-2-4-6-22-24-100 hours. Similar to homogenization, before ageing, the furnace was 
heated to the test temperature waited for 30 minutes and then 4 x 4 cm samples were 
put into the furncace. To cool down the specimens after total ageing time, the 
samples were removed from the furnace and they were air cooled. 
3.5 Rolling 
The magnesium AZ31 alloy strips were cut to 5 cm x 20 cm size samples. Sheet 
samples were homogenized at 400°C. After homogenization, sheets have been 
warm/hot rolled using a laboratory scale rolling mills (Figure 3.10 and Figure 3.11). 
Prior to the rolling, the rolls were heated by gas flame. The samples were preheated 
in a furnace for approximately 20 minutes before rolling. The temperature was 
controlled by a FLIR Systems ThermaCAM thermal camera and a thermocouple 
(Figure 3.12).  Magnesium alloy AZ31 sheets were rolled at 300˚C with 25 % 
deformation at a single pass. In another trial, samples were hot rolled at 450˚C and a 
maximum deformation amount of 50 % has been reached in one rolling pass. 
The experience and knowledge obtained from the laboratory scale rolling have been 
adjusted to industrial scale rolling. An electrical resistant furnace has been put next 
to 1600 mm wide horizontal rolling system (Figure 3.13). Before rolling, heat 
treatment was applied on the twin roll casted Magnesium AZ31 sheets at 400ºC 
(Figure 3.14).  Rolling procedure was performed just after heating the sheets at 
400ºC in the furnace. Final sheet thickness of 1.0 mm was achieved after 
approximately 10 passes rolling. Twin roll casting direction and rolling direction 
were the same orientations. Between each pass, heating at 400ºC was also applied. 
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Figure 3.10 : A photograph of laboratory scale cold-rolling mills. 
 
 
Figure 3.11 : Photographs of laboratory scale rolling mill and furnace used for hot 
rolling. 
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Figure 3.12 : Thermal camera pictures during laboratory scale hot rolling. 
 
 126
 
 
Figure 3.13 : Photograph of industrial scale rolling mill system and furnace used for 
hot rolling. 
 
 
Figure 3.14 : Photograph of industrial scale heating furnace. 
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3.6 Conventional Casting Method  
For alloy development purposes, traditional casting methods were performed. 
Commercial purity magnesium alloy was used for casting operation. A resistant 
furnace and a mild steel crucible were used as a system (Figure 3.15-3.16). 
Commercial purity aluminum and other element were added at different amounts at a 
temperature range of 700-750ºC. The furnace was heated and waited 1 hour at the 
cast temperature for homogenization. 0.5% SF6-CO2 mixture was used as a 
protective gas. SF6 gas mixture was blown during the whole casting process at a flow 
rate of 0.5 l/min. 
 
 
Figure 3.15 :  Photograph of conventional casting experiments setup. 
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Figure 3.16 : Schematic diagram of melting setup. 
3.7 Light Metallography 
For light microscopy, the samples were cold mounted in epoxy and polished starting 
with SiC paper, followed by 3 and 1 µm diamond slurries and colloidal silica. The 
specimens were etched in an acetic picral acid solution (4.2 g picric acid, 10 ml 
acetic acid, 70 ml ethanol, 10 ml water) and acetic glycol solution (20 ml acetic acid, 
1 ml HNO3, 60 ml ethylene glycol and 20 ml water) for AM alloys face up for 5 
seconds immediately followed by washing with ethanol for 5 seconds and they were 
washed with and rinsed in ethanol. For conventional casted specimens, etching was 
done using glycol solution (1 ml HNO3, 75 ml ethylene glycol, 24 ml water) face up 
for 5-10 seconds and samples were washed with ethanol. Specimens were 
investigated with a Nikon L150 light microscope.  
Samples were investigated in plan view and cross sectional views (transverse and 
longitudinal) as shown schematically in Figure 3.17. 
 
Plan view
Transverse
Longitudinal
Rolling Direction
 
 
Figure 3.17 : Schematic picture showing metallographic sample orientations. 
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According to ASTM E112-96 standard, the Heyn Lineal Intercept procedure was 
applied for measuring the size of the grains [296]. In this method, a standard line was 
drawn and the number of grains intercepted by this line was counted. Upon obtaining 
at least 50 intercepts, the total line length was divided by the number of intercepts in 
order to obtain the lineal intercept grain size, d. 
For necklace studies, metallography was performed on cross-sections from grip 
section to observe the grain coarsening during the test, and from the gauge section 
near necking region. In order to remove twins and lessen dislocation density the 
sheet sample was annealed at 250°C for 2 h, and to achieve a larger initial grain size 
the plate sample at 450°C for 3 h prior to tests. 
3.8 Scanning Electron Microscopy 
Scanning electron microscope (SEM) observations were carried out using a JEOL-
JSM-6335 FEG. Semi-quantitative elemental analyses were done by Oxford Energy 
Dispersive Spectrometer, EDS system and Inca software at 20 kV.  
3.9 EPMA Analysis 
For detailed microanalyses quantitative elemental analyses were needed. Therefore, 
Electron Probe Micro Analyses (EPMA) investigations were performed by 
Wavelength Dispersive Spectrometer, WDS. The system used was CAMECA-
SX100 which was operated at 15 kV. 
3.10 Transmission Electron Microscopy 
For transmission electron microscopy (TEM) studies, specimens were cut; 3 mm 
diameter discs were punched and ground to a thickness less than 80 µm. Punched 
specimens were dimple ground with Gatan 656 Dimple Grinder. Specimens were ion 
polished at 3 kV with Gatan 691 Precision Ion Polishing System (PIPS). The foils 
were examined with a JEOL 2100 TEM with a LaB6 filament operated at 200 kV and 
equipped with an Oxford Instruments 6498 EDS system. Images were taken both by 
Gatan Model 694 Slow Scan CCD Camera digitally and also with camera system by 
developing negative films especially for diffraction patterns. A JEOL 31630 side 
entry double tilt holder was used. Dark Field (DF), Bright Field (BF), Selected Area 
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Electron Diffraction (SAED) and Energy Dispersive Spectrometry (EDS) techniques 
were used to investigate the microstructure. For digital images Gatan Digital 
Micrograph and Diffpack software and for diffraction pattern analysis and 
crystallography purposes SingleCrystal and CrystalMaker softwares were used. EDS 
analysis was performed by Oxford EDS, Semi-Stem system and INCA software.  
3.11 XRD Studies 
For X-ray diffraction (XRD) studies, specimens were polished and a PANalytical 
X’Pert Pro diffractometer using Cu-Kα radiation at 45 kV and 40 mA was used. XRD 
technique was used for both characterization and also texture purposes.  
For X-ray diffraction (XRD) studies of some specimens a Shimadzu XRD-6000 
diffractometer using Cu-Kα radiation at 40 kV and 30 mA was also used. 
Texture measurements were performed by PANalytical X’Pert Pro operated at 45 kV 
and 40 mA after specimens were polished to third quarters of sheet thickness. In this 
work, the (0002) pole figure measurements were conducted. The texture was 
measured in the as-cast condition, as well as after rolling. In all cases, the samples 
were labeled and placed into the holder so that RD was parallel to the beam direction. 
3.12 Tensile Tests 
In order to evaluate the deformation behavior of the sheets, tensile tests were 
preformed. Tensile samples were electro-discharge machined in accordance with 
ASTM standard B557M-94 [296]. The samples were both standard sized specimens 
with a gage section of 50 mm length and 12.5 mm width (for a set of AZ31 as-cast 
800 mm and 1500 mm wide specimens) and subsized specimens with a gage section 
of 25 mm length and 6 mm width (Figure 3.18). The sample thicknesses were the 
thicknesses of the sheets. 
A Zwick Z250 universal testing device was used for tensile tests. An extensometer 
was used throughout the experiments. Three types of samples were studied; those 
machined with tensile axis parallel to the rolling direction (RD), parallel to the 
transverse direction (TD), and 45° to the rolling direction (for a set of AZ31 as-cast 
800 mm and 1500 mm wide specimens) (Figure 3.19). Test speed was 5 mm/min at a 
strain rate of 1x10-3 s-1. 
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Figure 3.18 : Tension test specimen (dimensions are in mm) [296]. 
 
Figure 3.19 : Schematic picture showing sample orientations. 
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In order to observe the static recrystallization response, specimens were stretched to 
a total strain of about 5 % (2 % stretching was also employed for sheet sample) using 
a Zwick Z250 tensile testing machine followed by annealing for 10 min, 30 min, 1 h, 
2 h at 100, 150, 200, 250°C. 
For dynamic recrystallization studies specimens were stretched to total strains of 10, 
20 and 40 % at 300°C in air using an Instron 8801 tensile test machine equipped with 
an Instron SFL furnace. The initial cross head speed was adjusted to 1x10-3 s-1. The 
time required for stable temperature on the specimen was around 30 minutes and 
specimens were unloaded and cooled as quickly as possible by blowing Ar gas after 
the test was completed.  
3.13 Hardness Measurements 
Vickers microhardness measurements were performed with a 200 g applied load with 
a Zwick ZHV10 device. Moreover, macro Brinell Hardness test was performed by 
EMCO device on some samples to double check the hardness value with a different 
load (2.5 mm-31.2 kg). For each specimen, the average hardness value was 
calculated from at least five test readings. 
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4. EXPERIMENTAL RESULTS  
In the following sections, first, the details of the results of twin roll casting method 
and homogenization studies were given in terms of light metallography, SEM-EDS, 
EPMA-WDS, XRD phase analysis, XRD texture analysis, TEM, tensile testing and 
hardness measurements. Moreover, ageing study results on AZ91 sheet were 
explained. Afterwards, the results of rolling processes on AZ31 alloys were 
explained. Finally, the results of necklace studies and conventional casting method 
were given. 
4.1 Twin Roll Casting Process  
1500 mm wide Mg alloy AZ31, AZ61, AZ91, AM50 and AM60 sheets of 4-8 mm 
thickness have been successfully produced by twin roll casting (TRC) process. These 
are the widest magnesium alloy sheets that have been produced by this method in the 
world so far. Moreover, magnesium sheet has been produced first time in Turkey. 
The production has been continued for 10’s of meters and the sheet was coiled or 
sheared to test the system in process.  
Mostly, magnesium AZ31 alloy sheet TRC studies have been performed since it is 
the most common wrought magnesium alloy. Mg AZ31 sheets were twin roll casted 
in 800, 1200 and 1500 mm width and in 4-8 mm thickness. Photographs from the 
production of magnesium alloy sheet by twin roll casting system were shown in 
Figures 4.1-4.4. Figure 4.1 shows the 1500 mm wide magnesium alloy AZ31 sheet 
during production just after solidified and rolled with the roll mills. In Figure 4.2, 
side view photograph of solidification of magnesium sheet in between the rolls was 
seen. Coiling system was shown in Figure 4.3.  
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Figure 4.1 : Photograph of 1500 mm wide magnesium AZ31 sheet during twin roll                 
casting process. 
  
Figure 4.2 : Side view photograph of production of magnesium sheet by twin roll 
casting process. 
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Figure 4.3 : Photograph of 1500 mm wide magnesium AZ31 sheet during coiling 
process. 
Photograph of 800 mm wide TRC AZ31 magnesium coil was given in Figure 4.4. 
Moreover, top view of TRC sheet was shown in Figure 4.5. It was observed that 
there was moderate edge cracking which were less than 10 mm in width. It was also 
seen in Figure 4.6 that the surface quality of the produced Mg alloy AZ31 sheet was 
in good condition. As can be seen, the surface was smooth and shiny.  
 
Figure 4.4 : Photograph of TRC magnesium coil. 
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Figure 4.5 : Top view of TRC sheet, showing moderate edge cracking. 
 
Figure 4.6 : Photograph showing the surface quality of the magnesium alloy sheet 
during production. 
Figure 4.7-4.9 show the thermal camera views of the sheet during twin-roll casting 
from top and side views and also during coiling process. As can be seen, the thermal 
temperature gradient was homogenous through width of the sheet. Small 
heterogeneities were also observed. Temperature values as high as 550ºC were seen 
just after solidification. However, the temperature dropped to approximately 200ºC at 
a distance of 2 m away from the rolling mills. Moreover, temperature values of 
around 150ºC were observed during the coiling process. 
 
10 mm 
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Figure 4.7 : Top view thermal camera views of Mg alloy sheet during twin roll 
casting process. 
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Figure 4.8 : Side view thermal camera view of the tip and Mg alloy sheet in between 
the rolling mills. 
 
 
Figure 4.9 : Thermal camera view of the sheet during coiling process. 
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4.1.1 Twin roll casting production parameters 
The dimensions, experimental conditions and detailed parameters of the twin roll 
system were given in Experimental Procedure Chapter. Some of the twin roll casting 
process parameters which were achieved by applying the experimental conditions 
were also given for 800 mm wide Mg AZ31 sheet in Table 4.1.  
Moreover, variation in thickness was measured to be ±0.03 mm. Figure 4.10 shows 
an example of the thickness measurement for 800 mm wide AZ31 sheet. 
Table 4.1 : Twin roll casting process parameters for 800 mm wide AZ31 sheet. 
 
 
 
 
 
 
 
 
 
 
Figure 4.10 : Variation in thickness (mm) for 800 mm wide AZ31 TRC sheet. 
 
 
 
 
 
 
 
TRC Process Parameters  
Molten metal temperature 700ºC 
Roll gap 4 mm 
Sheet thickness 4.4 mm 
Set-back 63.5 mm 
Separating Force 270 bar 
Roll Speed 3 m/min 
                          4.38          4.33         4.33          4.32         4.33        4.38 
800 mm wide sheet 
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4.1.2 Material  
The chemical compositions of magnesium alloy sheets were listed in Table 4.2. The 
compositions well fit to the ASTM and ISO standards [1]. 
Table 4.2 : The chemical compositions of TRC magnesium alloy sheets obtained by 
optical emission spectrometer (wt%). 
Sample Al Zn Mn Fe Ni Mg 
AZ31 2.7 1.03 0.31 0.003 0.0002 bal. 
AZ61 6.0 0.84 0.23 0.004 0.0003 bal. 
AZ91 8.3 0.74 0.18 0.005 0.0002 bal. 
AM50 5.4 0.08 0.29 0.006 0.0009 bal. 
AM60 6.2 0.08 0.27 0.007 0.0001 bal. 
4.1.3 XRD results of as-cast Mg sheets 
In Figures 4.11-4.16, the XRD spectrums of as-cast AZ31, AZ61, AZ91, AM50 and 
AM60 magnesium alloy sheets were given. It was observed that peak intensity levels 
were similar for all Mg alloys and second phase peaks were not significant other than 
Mg17Al12 (β) phase. This phase was observed for the as-cast Mg alloys other than the 
AZ31 alloy, but especially for the AZ91 alloy.  
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Figure 4.11 : The XRD spectrums of as-cast AZ31, AZ61, AZ91, AM50 and AM60 
magnesium alloy sheets. 
 
 
AM60 
AM50 
AZ91 
AZ61 
AZ31 
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The peak positions were shown in Figure 4.12 and 4.13 for Mg and also for the       
β-phase (Mg17Al12) respectively. To make a comparison, the 3 highest intensity 
peaks according to XRD ICSD card (Pdf No: 35-0821, JCPDS 2003); )0110( , (0002), 
and )1110(  peak intensities were investigated. The 2-theta peak positions of the 
XRD results matched well with the theoretical peak positions which are 32.19°, 
34.40° and 36.62° respectively for the three intense peaks. For the β-phase, high 
intensity peaks and their theoretical 2-theta positions were as follows: (411): 36.11°, 
(322): 40.08°, (721): 64.94°, (510): 43.74° and (422): 41.94° (Pdf No: 73-1148, 
JCPDS 2003). 
         
Figure 4.12 : Highest intensity α-Mg peaks according to XRD ICSD card (Pdf No: 
35-0821, JCPDS 2003) 
 
Figure 4.13 : The β-phase peaks according to XRD ICSD card (Pdf No: 73-1148, 
JCPDS 2003) 
In Figure 4.14,  the XRD spectrums of as-cast AZ31, AZ61, AZ91, AM50 and 
AM60 magnesium alloy sheets were given in greater detail. In all of the spectrums, 
(0002) peak was the highest peak instead of )1110(  peak as given in the XRD card.  
In all spectrums β-phase was seen at 2-theta positions of: 36.11°, 40.08°, 64.94°, 
43.74° and 41.94°. β-phase was most obvious at 36.11°, next to )1110(  peak of Mg. 
Moreover, highest β-phase peak intensities were observed for the as-cast AZ91 Mg 
alloy sheet where Al content was the highest.   
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Figure 4.14 : The XRD spectrums of as-cast a) AZ31, b) AZ61, c) AZ91, d) AM50 
and e) AM60 magnesium alloy sheets in greater detail. 
a) b) 
c) d) 
e) 
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4.1.4 As-cast microstructures  
Figure 4.15 shows plan view microstructures of TRC Mg alloys in the as-cast 
condition. A dendritic structure which is in between die-casting structure and semi-
solid casting structure was observed. Dendritic boundaries were not very distinct, but 
dendritic grain size was tried to be measured by observing orientation and contrast 
differences. Dendritic grain sizes were approximately 100-200 µm. Secondary 
dendrite arm spacings (SDAS) were measured to be 10-15 µm. Finest secondary 
dendrite arm spacing (10 µm) was measured for the as-cast AZ91 alloy. Moreover, 
from   Equation 4.1, cooling rates were calculated to be 16.1-59.6  K/s.  
SDAS = 35.5 X R-0.31    [96]                                        (4.1) 
SDAS: the secondary dendrite arm spacing,  
R: the cooling rate 
As seen from Figure 4.16, a gross macrosegregation was not detected for the TRC 
Mg alloys. However, at some regions, centerline segregation was noticed and these 
regions were analyzed by light metallography, SEM-EDS and EPMA. These results 
will be explained in the following sections. 
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Figure 4.15 : As-cast plan views of a) AZ31, b) AZ61, c) AZ91, d) AM50 and       
e) AM60 magnesium alloys. 
 
 
a b 
d 
e 
c 
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300 µm
a
300 µm
300 µm 300 µm 300 µm
b
c d e
 
Figure 4.16 : As-cast entire cross-sectional microstructure views of a) AZ31,            
b) AZ61, c) AZ91, d) AM50 and e) AM60 magnesium alloys (the 
dashed line shows the centerline). 
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As seen from the cross-sectional (longitudinal and transverse) microstructures of as-
cast Mg sheets (Figure 4.17-4.21), orientation on the rolling direction was not very 
obvious. The microstructure was homogenous throughout the thickness of the sheet. 
Edge and centerline effects were on the minimum level. AZ91 alloy sheet had the 
worst segregation (Figure 4.19). It was observed that sample chemical composition 
and also sample preparation has effect on the microstructure. For instance, in the 
microstructure of the entire cross-section of as-cast AM50 sheet along the 
longitudinal direction, grain boundaries were clearer than other alloys (Figure 4.20). 
 
Figure 4.17 : Microstructure of the entire cross-section of as-cast AZ31 sheet along 
the longitudinal (top) and transverse (bottom) directions. 
 
Figure 4.18 : Microstructure of the entire cross-section of as-cast AZ61 sheet along 
the longitudinal (top) and transverse (bottom) directions. 
 
Figure 4.19 : Microstructure of the entire cross-section of as-cast AZ91 sheet along 
the longitudinal (top) and transverse (bottom) directions. 
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Figure 4.20 : Microstructure of the entire cross-section of as-cast AM50 sheet along 
the longitudinal (top) and transverse (bottom) directions. 
 
 
Figure 4.21 : Microstructure of the entire cross-section of as-cast AM60 sheet along 
the longitudinal (top) and transverse (bottom) directions. 
In Figures 4.22-4.26, cross-sectional micrographs of all as-cast Mg alloys were given 
in detail at higher magnifications from the edges of the sheets. In none of the 
micrographs given, big amounts of edge cracks, severe damages or oxidation were 
observed. However, small cracks, holes, oxidation and segregation were observed as 
seen in the Figures. Surface segregations on the order of 5-10 µm were easily seen on 
high magnification images. Moreover, some edges were not very flat. A high value 
of roughness was obvious. 
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Figure 4.22 : Transverse microstructures of as-cast AZ31 sheet. 
 
 
Figure 4.23 : Transverse microstructures of as-cast AZ61 sheet. 
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As seen in Figure 4.24, 4.25 and 4.26, the grain cells of AZ91, AM50 and AM60 
TRC alloys were finer than the others; especially in some regions. The grain cells 
were not homogeneously distributed. The structure was more uneven on the edges. 
 
Figure 4.24 : Transverse microstructures of as-cast AZ91 sheet. 
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Figure 4.25 : Transverse microstructures of as-cast AM50 sheet. 
 
 
Figure 4.26 : Transverse microstructures of as-cast AM60 sheet. 
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4.1.5 Transmission electron microscopy results of TRC Mg sheets  
TEM analyses showed that in the as-cast magnesium alloy sheets, the structure was 
composed of mostly dislocation clouds and twins. The dislocation structure hindered 
the observation of grain boundaries. Therefore, observation of the grains was not 
easy. However, some of the grains were photographed as given in Figure 4.27 and 
Figure 4.28. By the TEM, in the as-cast samples, four types of particles were 
observed: coarse micron scale Al-Mn-Fe and Al-Mn-Zn particles; and nano-scale  
Al-Mn and Al-Zn particles. These particles and their EDS results were given in 
Figures 4.27-4.33. 
  
Figure 4.27 : General view TEM pictures of as-cast Mg AZ31 alloy. 
 
   
Figure 4.28 : General view TEM pictures of as-cast Mg AZ61 alloy. 
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Figure 4.29 : Al-Mn-Fe particles in as-cast AZ31 alloy. 
 
 
Element Weight% Atomic% 
Mg K 44.36 56.62 
Al K 20.53 23.61 
Mn K 33.41 18.87 
Fe K 1.14 0.63 
Zn K 0.55 0.26 
   
Totals 100.00  
Figure 4.30 : TEM-EDS results of Al-Mn-Fe particle in as-cast AZ31 alloy. 
 
Similar to Al-Mn-Fe particles, Al-Mn-Zn particles were in micron sizes. Instead of 
distinct rosette or flower shaped Al-Mn-Fe particles (Figure 4.29), Al-Mn-Zn 
particles were in irregular shapes (Figure 4.30). Al-Zn particles were irregularly 
shaped too (Figure 4.31). However, some Al-Mn particles which were nano sized 
had a special sharp cornered rod type (Figure 4.32). These nano particle sizes were 
around 50-150 nm. 
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Element Weight% Atomic% 
Mg K 23.28 30.56 
Al K 42.35 50.08 
Mn K 27.88 16.19 
Zn K 6.49 3.17 
   
Totals 100.00  
Figure 4.31 : TEM picture of Al-Mn-Zn particle and EDS results in as-cast AZ61 
Mg alloy sheet. 
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Element Weight% Atomic% 
Mg K 59.45 66.42 
Al K 28.31 28.50 
Zn K 12.24 5.09 
Figure 4.32 : TEM picture of Al-Zn particles and EDS results in as-cast AZ61 Mg 
alloy sheet. 
 
Figure 4.33 : TEM picture of nano Al-Mn particle in as-cast Mg AZ31 alloy. 
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4.1.6 Tensile test results of TRC Mg sheets  
Figure 4.34 shows tensile test curves of as-cast AZ31, AZ61, AZ91, AM50 and 
AM60 Mg alloys at room temperature. Test direction was at rolling direction (RD) 
for these curves. Transverse direction (TD) flow curves gave much lower ductility 
values. Therefore, unless otherwise stated only RD results were shown here. In  
Table 4.3, yield strength (YS), ultimate tensile strength (UTS) and ductility (EL%) 
values were given for all as-cast Mg sheets. It was found that max strength was 
achieved for AM60 alloy. Moreover, as Al content increases there was a trend to 
have higher strength. However, almost all specimens fractured before achieving their 
peak ultimate tensile strength, since a plateau was not observed. Therefore, it can be 
stated that highest tensile strengths were not achieved for any of the samples.           
A highest ductility of only 3.3 % elongation was observed for the AZ31 case. Other 
samples’ elongation values were much lower. 
 
Figure 4.34 : Tensile test curves for the as-cast 1500 mm wide magnesium alloy 
AZ31, AZ61, AZ91, AM50 and AM60 sheets. 
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Table 4.3 : Tensile test results for the as-cast 1500 mm wide magnesium alloy AZ31, 
AZ61, AZ91, AM50 and AM60 sheets. 
Alloy YS (MPa) UTS (MPa) EL(%) 
AZ31 156 209 3.3 
AZ61 205 252 2.0 
AZ91 220 236 0.3 
AM50 190 199 0.3 
AM60 221 255 0.8 
For the AZ31 as-cast sheet, detailed tensile test curves and corresponding results 
were given in Figure 4.35 and Table 4.4 respectively. In order to observe the effect 
of sample orientation on mechanical behavior of magnesium AZ31 alloys, tension 
tests were performed on three different directions: “rolling direction” (RD), “45° to 
the rolling direction” (45º), and “transverse direction” (TD). Moreover, flow curves 
were drawn for both 800 mm specimens and also 1500 mm specimens. Figure 4.35 
shows the flow curves for these directions for the as-cast sample. The RD samples 
were stronger than the 45° to the RD samples, which were stronger than the TD 
samples. All of these samples have similar ductilities, other than 800 mm TD sample 
which had a ductility of around 9 %. 
 
Figure 4.35 : Tensile test curves for the 800 mm and 1500 mm wide as-cast AZ31 
magnesium alloy sheet for three different directions: RD, 45°, and TD. 
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Table 4.4 : Tensile test results for the 800 mm and 1500 mm wide as-cast AZ31 
magnesium alloy sheet for three different directions: RD, 45°, and TD. 
Sample YS (MPa) UTS (MPa) EL(%) 
800 mm RD 155 217 4.6 
800 mm 45º 118 194 4.8 
800 mm TD 106 217 8.8 
1500 mm RD 156 209 3.3 
1500 mm 45º 123 190 3.9 
1500 mm TD 113 172 2.5 
4.1.7 Fracture behavior of as-cast Mg sheets 
Since magnesium alloys do not have high ductility values at room temperature, 
mechanical properties related to ductility such as fracture behavior is critical. 
Fracture was more critical in the as-cast samples since they had very small ductility 
values. To observe the fracture behavior, tensile test samples were photographed 
from side views with a camera and from top with SEM. Moreover, detailed SEM 
fractographs were performed at high magnifications. These photographs were shown 
in Figure 4.36-4.40 for as-cast AZ31, AZ61, AZ91, AM50 and AM60 alloys in the 
given order. It can be stated that due to observation of flat areas, facets and cleavage 
structures in the SEM fractographs, the fracture was mostly brittle type. However, 
there were some regions of dimples which were proof of some ductile fracture. 
Moreover, from the pictures of the failed samples, it was observed that cup-and-cone 
fracture behavior was not obvious. There was almost no shear lip zone. Especially 
AZ31, AZ91 and AM50 samples had a flat fracture, instead of wavy or shear fracture. 
In addition, area reductions or necking were at minimum levels related to low 
ductility. 
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Figure 4.36 : As-cast AZ31 fracture behavior SEM picture and photographs; and 
SEM fracture surface pictures. 
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Figure 4.37 : As-cast AZ61 fracture behavior SEM picture and photographs; and 
SEM fracture surface pictures. 
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As seen in most of the SEM fractographs, flat areas were observed. Moreover, the 
structures were not very homogenous. There were heterogeneities of both dimple and 
cleavage structures. The dimple widths were on the order of 100 µm.  
 
 
 
Figure 4.38 : As-cast AZ91 fracture behavior SEM picture and photographs; and 
SEM fracture surface pictures. 
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Figure 4.39 : As-cast AM50 fracture behavior SEM picture and photographs; and 
SEM fracture surface pictures. 
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In some SEM fractographs, especially in the as-cast AM60 alloy (Figure 4.40), some 
particles were observed in the dimple holes. These particles were thought to be some 
oxides or intermetallic particles such as Al-Mn particles.  
 
 
 
Figure 4.40 : As-cast AM60 fracture behavior SEM picture and photographs; and 
SEM fracture surface pictures. 
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4.1.8 XRD texture measurements results of TRC Mg sheets  
(0002) pole figures (Figure 4.41) of the as-cast AZ31, AZ61 and AZ91 alloy sheets 
showed that texture was almost random compared to pole figure of commercially 
available AZ31 1 mm sheet. The highest texture intensities were found to be 
approximately 28,000 for as-cast AZ31, 56,000 for as-cast AZ61, 17,000 for as-cast 
AZ91 and 137,000 for commercially available AZ31 1 mm sheet. It was obvious that 
the texture intensity in commercially available AZ31 sheet was much higher than as-
cast Mg alloy samples. Moreover, as can be observed, instead of having high texture 
intensity at the center as in the commercial sheet, in the as-cast pole figures, intensity 
levels were more distributed.  
 
Figure 4.41 : (0002) pole figures of as-cast a) AZ31, b) AZ61, c) AZ91 alloy sheets 
and d) commercially available AZ31 1 mm sheet. 
RD 
a b 
c d 
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4.2 Homogenization 
To see the effect of temperature, the as-cast Mg AZ31 alloy sheets were 
homogenized between 350-450ºC for 1-2-4-6 h in laboratory furnace. As the 
homogenization temperature was increased grain coarsening occurs. Moreover, since 
other than AZ31 alloy, all of the Mg sheet alloys were oxidized above 400ºC 
significantly, 400ºC was chosen as a homogenization temperature. To observe time 
effect, the as-cast Mg alloy samples were homogenized at 400ºC for 1-2-4-6 h in 
laboratory furnace. Moreover, some multi-step heating was applied in 6 hour 
intervals to achieve 12 h, 18 h and 24 h total time of homogenization to observe 
microstructural changes. This was chosen due to laboratory conditions. 
4.2.1 Homogenization microstructures 
In Figure 4.42, microstructures were given for all Mg TRC sheets after 
homogenization heat treatments at 400ºC for 2 h. After homogenization, the eutectic 
phases dissolve, the material was homogenized and the grain size was refined. 
Average grain sizes of less than 20 µm were achieved for most of the alloys (19 µm 
for AZ31, 14 µm for AZ61, for 15 µm AZ91, 18 µm for AM50 and 17 µm for 
AM60).  
When the homogenized AZ31 Mg alloys sheets were investigated in detail for 
different annealing conditions, it was observed that 400ºC 2 h was not enough for 
removing the twin structure produced by twin roll deformation (Figure 4.43ba). 
Moreover, 2 hour condition was not enough for complete even grain size structure 
(Figure 4.43b). In Figure 4.43b both large grains in the order of 100 µm and small 
grains in 5 µm grain size were observed next to each other. In Figure 4.43c when the 
time was increased to 6 hours grain size was getting much more uniform. 
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Figure 4.42 : Plan view microstructures after homogenization at 400˚C for 2 h:        
a) AZ31, b) AZ61, c) AZ91, d) AM50 and e) AM60 magnesium 
alloys. 
 
a b 
c d 
e 
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Figure 4.43 : Plan view microstructures of TRC 6.5 mm AZ31 magnesium alloy 
after homogenization at a) 350˚C-2 h, b) 400˚C-2 h and c) 450˚C-2 h. 
Figure 4.44 shows plan-view microstructures of homogenized AZ31 TRC sheet at 
400, 425 and 450˚C for 1, 2, 4 and 6 hours. It was observed that as the temperature or 
the annealing time was increased the microstructure changed to more even type. 
a 
b
c 
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Figure 4.44 : Plan-view microstructures of homogenized AZ31 TRC sheet at 400, 425 and 450˚C for 1, 2, 4 and 6 hours.
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Figure 4.45-4.49 show plan view microstructures of TRC AZ61, AZ91, AM50 and 
AM60 magnesium alloy after homogenization at 400ºC for 1-6 h. It was observed 
that 1 hour homogenization was not enough for dissolution of Mg17Al12 beta-phase. 
Some dendritic structures were still seen in the micrographs (Figure 4.46a and 4.47a). 
However, for all alloys, as the homogenization time was increased, grain structures 
and grain sizes were getting more even. 
 
Figure 4.45 : Plan view microstructures of TRC AZ61 magnesium alloy after 
homogenization at 400ºC for a) 2h and b) 6 h.  
 
 
Figure 4.46 : Plan view microstructures of TRC AZ91 magnesium alloy after 
homogenization at 400ºC for a) 1, b) 2, c) 4 and d) 6 h.  
a b 
c d 
a b 
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Figure 4.47 : Plan view microstructures of TRC AM50 magnesium alloy after 
homogenization at 400ºC for a) 1, b) 2, c) 4 and d) 6 h. 
 
 
Figure 4.48 : Plan view microstructures of TRC AM60 magnesium alloy after 
homogenization at 400ºC for a) 1, b) 2, c) 4 and d) 6 h. 
a b 
c d 
 
a b 
c d 
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Figure 4.49 shows an example of dark field plan view microstructure of TRC AM60 
magnesium alloy after homogenization at 400ºC for 6 h. As seen, dark field 
sometimes give better results to observe the grain size. In the micrograph, the grains 
look very equiaxed and uniform in size. 
 
Figure 4.49 : Plan view dark field microstructure of TRC AM60 magnesium alloy 
after homogenization at 400ºC for 6 h.  
Figures 4.50 and 4.51 show example cross-sectional microstructures.  In the figures, 
cross-sectional microstructures of TRC AZ91 magnesium alloy after homogenization 
at 400ºC for 2 h were given. The grains were observed to be very uniform throughout 
the entire sheet, even at the edges. The edge effect of having inhomogenous grains 
was at minimum level. 
 
Figure 4.50 : Cross-sectional microstructures of TRC AZ91 magnesium alloy after 
homogenization at 400ºC for 2 h.  
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Figure 4.51 : Cross-sectional side to centerline microstructure of TRC AZ91 
magnesium alloy after homogenization at 400ºC for 2 h (the dashed 
line shows the centerline). 
4.2.2 XRD results of homogenized Mg TRC alloys  
In Figures 4.52 and 4.53, the XRD spectrums of homogenized AZ31, AZ61, AZ91, 
AM50 and AM60 magnesium alloy sheets were given after annealing at 450ºC for    
6 h. In most of the spectrums, )1110(  peak was the highest peak as given in the 
XRD card.  Moreover, in all alloys in the homogenized condition, β-phase was 
almost invisible. 
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Figure 4.52 : The XRD spectrums of a) AZ31, b) AZ61, c) AZ91, d) AM50 and     
e) AM60 magnesium alloy sheets homogenized at 450ºC for 6 h. 
 
 
 
a) 
c) d) 
e) 
b) 
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Figure 4.53 : Overlay XRD spectrums of AZ31, AZ61, AZ91, AM50 and AM60 
magnesium alloy sheets homogenized at 450ºC for 6 h . 
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4.2.3 Transmission electron microscopy results of homogenized Mg sheets  
After homogenization, the deformation structure was relaxed and the dislocation 
amounts were decreased. It was possible to observe the grain structure. General view 
TEM pictures of TRC magnesium alloys after homogenization were given in Figures 
4.54-4.57. Some twins and a lot of dislocations were still observed in the structures 
(Figure 4.54). In addition, in the grains, some Al-Mn nano particles were seen that 
were solutionized (Figure 4.55-4.57). These nano particles had sizes between         
20-200 nm. 
  
  
Figure 4.54 : General view TEM pictures of TRC Mg AZ31 alloy after 
homogenization at 400˚C for 2 h. 
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Figure 4.55 : General view TEM pictures of TRC Mg AZ91 alloy after 
homogenization at 400˚C for 2 h. 
 
   
Figure 4.56 : General view TEM pictures of TRC Mg AM50 alloy after 
homogenization at 400˚C for 2 h. 
Al-Mn precipitates with different morphologies were observed in all homogenized 
Mg sheets which were shown in more detail in HRTEM images with their EDS 
analysis (Figure 4.59-4.61). 
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Figure 4.57 : General view TEM pictures of TRC Mg AM60 alloy after 
homogenization at 400˚C for 2 h. 
 
Some of the Al-Mn particles were in micron scale as observed in the as-cast 
condition. One example of these coarse particles was given in Figure 4.58. 
 
  
Figure 4.58 : TEM picture of Al-Mn particle in Mg AZ61 alloy after 
homogenization at 400˚C for 2 h. 
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Element Weight% Atomic% 
Mg K 6.48 8.99 
Al K 52.80 66.01 
Mn K 40.72 25.00 
Figure 4.59 : TEM picture and EDS analysis of Al-Mn precipitate in Mg AZ61 alloy 
after homogenization at 400˚C for 2 h. 
With the help of HRTEM pictures, diffraction patterns and EDS analyses Al-Mn 
particles were identified to be Al8Mn5 type (Figure 4.60-4.62). 
 
 
Figure 4.60 : HRTEM picture, EDS analysis and diffraction pattern of Al-Mn 
precipitate in Mg AM50 alloy after homogenization at 400˚C for 2 h 
(Cu peaks are from TEM holder). 
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Element Weight% Atomic% 
Mg K 36.47 43.83 
Al K 40.62 43.99 
Mn K 22.91 12.18 
Figure 4.61 : HRTEM pictures and EDS analysis of Al-Mn precipitate in Mg AZ61 
alloy after homogenization at 400˚C for 2 h (Cu peaks are from TEM 
holder). 
 
 
Figure 4.62 : HRTEM picture and diffraction pattern of Al-Mn precipitate in TRC 
Mg AZ61 alloy after homogenization at 400˚C for 2 h (Cu peaks are 
from TEM holder). 
 
29.9046.76Mn
62.0747.68Al 
8.045.56Mg 
Atomic%Weight%Element
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4.2.4 Tensile test results of homogenized Mg alloy sheets 
Figure 4.63, 4.64 and Table 4.5 show flow curves and tensile results of homogenized 
TRC Mg alloys at 400˚C for 2 h. The yield strength values were 140, 135, 140, 135 
and 133 MPa, and the ultimate tensile strength values were 236, 265, 250, 245 and 
260 MPa for homogenized AZ31, AZ61, AZ91, AM50 and AM60 alloys 
respectively. Ductility values were between 8 and 23 % elongation after 
homogenization.  
 
Figure 4.63 : Engineering stress-engineering strain curves for the homogenized TRC 
Mg AZ31, AZ61, AZ91, AM50 and AM60 alloys at 400˚C for 2 h.   
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Figure 4.64 : True stress-true strain curves for the homogenized TRC Mg AZ31, 
AZ61, AZ91, AM50 and AM60 alloys at 400˚C for 2 h.   
 
Table 4.5 : Tensile test results for the homogenized TRC Mg AZ31, AZ61, AZ91, 
AM50 and AM60 alloys at 400˚C for 2 h.   
Alloy YS (MPa) UTS (MPa) EL(%) 
AZ31 140 236 18.1 
AZ61 135 265 22.7 
AZ91 140 250 7.8 
AM50 135 245 12.4 
AM60 133 260 15.6 
 
Figure 4.65 shows flow curves of TRC 6.5 mm AZ31 sheet after homogenized at 
350-400-450ºC for 2 h for RD samples. As the homogenization temperature was 
increased both the yield strength and ultimate tensile strength values were decreased, 
however, the ductility values were increased (Table 4.6). 
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Figure 4.65 : Flow curves of TRC 6.5 mm AZ31 sheet after homogenized at 350-
400-450ºC for 2 h for RD samples. 
Table 4.6 : Tensile test results of TRC 6.5 mm AZ31 sheet after homogenized at 
350-400-450ºC for 2 h for RD samples.   
Sample YS (MPa) UTS (MPa) EL(%) 
350ºC 2 h 185 243 12.1 
400ºC 2 h 114 240 17.9 
450ºC 2 h 93 235 23.2 
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Figure 4.66 shows flow curve of TRC 6.5 mm AZ31 sheet after homogenized at 
450ºC for 2 h and 6 h for RD samples. It was observed that both curves follow the 
same path. They had almost same yield strength. The ductility values differed due to 
premature fracture. 
 
Figure 4.66 : Flow curve of TRC 6.5 mm AZ31 sheet after homogenized at 450ºC 
for 2 h and 6 h for RD samples. 
4.2.5 Fracture behavior of homogenized Mg sheets 
To observe the fracture behavior of homogenized magnesium sheets, tensile test 
samples were photographed from side views with a camera and from top with SEM 
as in the case of as-cast samples. These pictures were shown in Figure 4.67-4.73 for 
homogenized AZ31, AZ61, AZ91, AM50 and AM60 alloys in the given order. The 
pictures were for homogenization at 400ºC for 2 h condition. Moreover, for AM50 
and AM60, 400ºC for 6 h pictures were given to be able to see homogenization time 
affect on fracture behavior. From the figures, it can be said that due to observation of 
dimples the fracture was mostly ductile compared to mostly brittle fracture behavior 
of as-cast sheet samples. Relative to as-cast Mg sheet samples, large flat areas, facets 
and cleavage structures decreased in the SEM fractographs.  
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Figure 4.67 : Fracture behavior SEM picture and photographs; and SEM fracture 
surface pictures of AZ31 alloy homogenized at 400ºC for 2 h. 
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Figure 4.68 : Fracture behavior SEM picture and photographs; and SEM fracture 
surface pictures of AZ61 alloy homogenized at 400ºC for 2 h. 
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In some pictures (Figure 4.69 and 4.70), in the SEM macro views a spherical feature 
(Figure 4.69) or a large hole (Figure 4.70) was observed. The topographic boundary 
widths were on the order of 20-100 µm which was close to the grain sizes. No other 
small particles were observed in the dimple holes such as oxides or intermetallic 
particles. 
 
 
 
Figure 4.69 : Fracture behavior SEM picture and photographs; and SEM fracture 
surface pictures of AZ91 alloy homogenized at 400ºC for 2 h. 
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Figure 4.70 : Fracture behavior SEM picture and photographs; and SEM fracture 
surface pictures of AM50 alloy homogenized at 400ºC for 2 h. 
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Ductile cup-and-cone fracture behavior was not obvious from the photographs of the 
failed samples. However, almost all homogenized samples had a wavy or shear 
fracture. Flat fracture was more visible for AZ61 alloy.  Moreover, area reductions or 
necking were at minimum levels related to relatively low ductility values of 
magnesium alloys. 
 
 
 
Figure 4.71 : Fracture behavior SEM picture and photographs; and SEM fracture 
surface pictures of AM60 alloy homogenized at 400ºC for 2 h. 
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Figure 4.72 and 4.73 show fracture pictures and SEM fractographs of AM50 and 
AM60 alloys after homogenization at 400ºC for 6 h instead of the above results of    
2 h. From the pictures no obvious difference in fracture behaviors was observed by 
changing the homogenization time. The results were very similar. 
 
 
 
Figure 4.72 : Fracture behavior SEM picture and photographs; and SEM fracture 
surface pictures of AM50 alloy homogenized at 400ºC for 6 h. 
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Figure 4.73 : Fracture behavior SEM picture and photographs; and SEM fracture 
surface pictures of AM60 alloy homogenized at 400ºC for 6 h. 
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4.2.6 Hardness test results of TRC Mg sheets  
Figure 4.74 and Table 4.7 show micro Vickers hardness measurement results from 
plan view surfaces of as-cast and also homogenized Mg alloy sheets. For the 
homogenized Mg alloy sheet samples the hardness results were for 400ºC for 2 hours 
and additionally, multi-step heating of 12 h and 24 h total time of homogenization. 
As-cast Mg AZ91 alloy has the highest hardness, with a hardness value of 83 HV. 
Other as-cast hardness values were between 70 and 76 HV. From Brinell hardness 
tests (2.5 mm-31.2 kg) hardness values were measured between 60-80 HB. When the 
homogenization was applied at 400ºC, it was seen that all the hardness values drop. 
The drop was similar which was around 15-30 %. The hardness values changed 
between 54-73 HV for homogenized Mg alloys. Moreover, it was found that 
homogenization time did not change the hardness value a lot. 
 
Figure 4.74 : Hardness measurements graphs of as-cast Mg alloys and homogenized 
Mg alloys at 400ºC for 2, 12 and 24 h (HV-200 g). 
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Table 4.7 : Hardness measurements results of as-cast and homogenized magnesium 
alloys (HV-200 g). 
Sample As 
Cast 
After 
Homogenization
at 400ºC  
for 2 h 
After 
Homogenization
at 400ºC  
for 12 h 
After 
Homogenization 
at 400ºC  
for 24 h 
AZ31 72 56 58 57 
AZ61 72 62 59 58 
AZ91 83 73 67 69 
AM50 70 54 58 58 
AM60 76 59 58 59 
4.2.7 Segregation and other defects observed in TRC Mg sheets  
SEM studies were also performed on the samples for characterization of the 
microstructure and investigating the features such as segregation, inclusions, oxides, 
cracks, particles and precipitates by SEM-EDS. Figure 4.75 shows a light 
microscope cross-sectional view picture of as-cast Mg alloy sheet. A centerline 
segregation was observed with different contrast color. In Figure 4.76 and         
Figure 4.77, two example SEM pictures and EDS analyses were shown from the 
centerline segregation zone in the TRC AZ31 alloy. By semi-quantitative EDS 
analysis it was observed that the amount of Al, Zn, Mn and O elements in the 
segregation zone were increased compared to the base metal. However, too much 
change in element content was not observed for this example case. 
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Figure 4.75 : Centerline segregation in as-cast Mg AZ31 sheet. 
 
 
Element Weight% Atomic% 
O K 2.07 3.16 
Mg K 93.28 93.54 
Al K 2.89 2.61 
 Mn K 0.58 0.26 
Zn K 1.18 0.44 
 
Element Weight% Atomic% 
O K 2.48 3.80 
Mg K 90.27 91.04 
Al K 4.46 4.06 
Mn K 0.74 0.33 
Zn K 2.04 0.77 
Figure 4.76 : SEM picture and EDS analyses of matrix and segregation zone of TRC 
Mg AZ31 sheet. 
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Element Weight% Atomic% 
O K 1.99 3.03 
Mg K 93.90 93.95 
Al K 2.79 2.52 
Mn K 0.26 0.12 
Zn K 1.05 0.39 
 
Element Weight% Atomic% 
O K 2.24 3.44 
Mg K 90.54 91.24 
Al K 4.92 4.47 
Zn K 2.29 0.86 
Figure 4.77 : High magnification SEM picture and EDS analyses of matrix and 
segregation zone of TRC Mg AZ31 sheet. 
 
In Figure 4.78 and 4.79, SEM pictures and EDS analyses of homogenized AZ61 
alloy from side view were given. 
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Element Weight% Atomic% 
O K 0.69 1.12 
Mg K 60.77 65.14 
Al K 32.40 31.29 
Zn K 6.14 2.45 
Figure 4.78 : SEM pictures, Al elemental mapping and EDS analyses of segregation 
zone in AZ61 alloy homogenized at 400ºC. 
 
Figure 4.79 : SEM picture and EDS analyses of Al-Mn particle in AZ61 alloy 
homogenized at 400ºC. 
In Figure 4.80 and 4.81, EPMA pictures, elemental maps and WDS analyses of as-
cast AZ91 and AM60 alloys were given. Samples were investigated from transverse 
directions. 
Element Weight% 
O K 4.65 
Mg K 54.99 
Al K 25.91 
Mn K 14.11 
Zn K 0.35 
 196
 
 
Element Weight% Atomic% 
O  1.61 2.61 
Mg  59.39 63.05 
Al  33.72 32.25 
Zn  5.17 2.04 
Mn 0.11 0.05 
Figure 4.80 : EPMA BSE image of segregation zone, Al, Mn, Zn and O elemental 
maps and WDS analysis of TRC Mg AZ91 sheet. 
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Element Weight% Atomic% 
O  1.70 2.68 
Mg  59.51 61.35 
Al  38.64 35.90 
Mn 0.15 0.07 
Figure 4.81 : EPMA BSE image of segregation zone, Al, Mn and O elemental maps 
and WDS analysis of TRC Mg AM60 sheet. 
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Moreover, in the Mg alloys sheets some surface segregation was observed. This was 
a rare case, however in Figure 4.82; surface segregation with a width of 
approximately 10 µm was very clear in AZ91 alloy homogenized at 400ºC for 24 h. 
 
Figure 4.82 : Cross-sectional dark field light micrograph of surface segregation in 
AZ91 alloy homogenized at 400ºC for 24 h. 
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4.3 Results of Ageing Studies 
To be able to observe mechanical property changes and microstructural experiments, 
ageing studies were performed on AZ91 sheets. Before ageing, the samples were 
homogenized at 400ºC for 6 h. The samples were aged at 200ºC for 1-2-4-6-22-24-
100 hours. In the following sections, XRD, TEM and micro-hardness results of aged 
AZ91 alloy sheet will be given respectively. 
4.3.1 XRD results of aged TRC Mg AZ91 sheet  
Figures 4.83 shows XRD spectrums of aged AZ91 magnesium alloy sheet aged at 
200ºC for 24 h and 100 h. Moreover, in Figure 4.84, the XRD spectrum of aged 
AZ91 magnesium alloy sheet aged at 200ºC for 100 h showing phases and theoretical 
2-theta positions was seen. It was observed that for both ageing time, Mg17Al12              
β-phase was seen. It was found at 2-theta position of 36.11° as a highest peak. 
Moreover, intensity values of β-phase peak intensities were higher in the case of   
100 h ageing time compared to 24 h ageing.      
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Figure 4.83 : XRD spectrums of AZ91 magnesium alloy sheet aged at 200ºC for     
a) 24 h and b) 100 h. 
 
 
 
 
 
 
a 
b 
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Figure 4.84 :  The XRD spectrum of AZ91 magnesium alloy sheet aged at 200ºC for 
100 h showing phases and theoretical 2-theta positions. 
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4.3.2 TEM results of aged TRC Mg AZ91 sheet  
Detailed TEM investigations were performed on the aged AZ91 magnesium alloy 
samples. Bright field (BF) and dark field (DF) TEM pictures were given in Figures 
4.85 and 4.86 for AZ91 magnesium alloy sheet aged at 200ºC for 24 h and 100 h 
respectively. In the pictures, nano particles in rod shaped precipitates were seen in 
the size of 150-300 nm in length and 50-150 nm in width. A high increase was not 
observed when the ageing time was increased to 100 h from 24 h. 
  
Figure 4.85 : a, c) Bright field (BF) and b, d) dark field (DF) TEM pictures of AZ91 
magnesium alloy sheet aged at 200ºC for 24 h. 
 
 
 
a b 
c d 
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Figure 4.86 : a, c) Bright field (BF) and b, d) dark field (DF) TEM pictures of AZ91 
magnesium alloy sheet aged at 200ºC for 100 h. 
 
 
 
 
. 
 
a b 
c d 
 204
To identify the particles or precipitates, TEM-EDS measurements were used. Figure 
4.87 and 4.88 show TEM picture and EDS analysis results of AZ91 magnesium alloy 
sheet aged at 200ºC for 24 h and 100 h respectively. In Figure 4.86 a typical rod 
shaped precipitate was seen, which was found to be Mg17Al12 β-phase precipitate by 
TEM-EDS. It has dimensions of 80 nm in width and 750 nm in length. Similarly 
some other micron scale particles were observed rich in Al (Figure 4.88). 
 
Element Weight% Atomic% 
Mg K 63.03 67.05 
Al K 32.57 31.21 
Zn K 4.40 1.74 
   
Totals 100.00  
 
 
Figure 4.87 : TEM picture and EDS analysis results of AZ91 magnesium alloy sheet 
aged at 200ºC for 24 h (Cu peaks are from the sample holder). 
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Element Weight% Atomic% 
Mg K 54.79 60.26 
Al K 36.52 36.19 
Zn K 8.69 3.55 
 
Figure 4.88 : TEM picture and EDS analysis results of AZ91 magnesium alloy sheet 
aged at 200ºC for 100 h (Cu peaks are from the sample holder). 
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TEM picture and elemental mapping results of AZ91 magnesium alloy sheet aged at 
200ºC for 24 h were given in Figure 4.89. It was observed that particles were rich in 
Al. 
 
 
 
Figure 4.89 : TEM picture and elemental mapping results of AZ91 magnesium alloy 
sheet aged at 200ºC for 24 h 
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4.3.3 Hardness test results of aged TRC Mg AZ91 sheet  
Hardness test measurements were performed on the aged samples. Age hardening 
curve of TRC Mg AZ91 sheet after homogenization at 400ºC for 6 h followed by 
ageing at 200ºC for 1-2-4-6-22-24-100 hours were given in Figure 4.90. It was 
observed that hardness increased from 66 HV up to around 85 HV by ageing at 24 h. 
Hardness did not increase further, when the ageing time was increased. 
 
Figure 4.90 : Age-hardening curve of TRC Mg AZ91 sheet aged at 200ºC for 1-2-4-
6-22-24-100 hours (Micro-Vickers: 200 g load) 
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4.4 Results of Rolled Mg Sheets  
4.4.1 Results of rolled Mg sheets by laboratory scale roll mills 
By laboratory scale rolling mills different trials of cold, warm or hot rolling were 
performed to determine the maximum deformation for certain temperatures. Table 
4.8 summarizes maximum deformation amounts those were tolerable for cold rolling 
at room temperature, warm rolling at 300˚C and hot rolling at 450˚C. It was observed 
that if the deformation amount was exceeded for a pass, cracks were seen. Figure 
4.91 shows an example cold rolling fault when maximum amount of 19 % was tried 
at one pass.  
Table 4.8 : Deformation amounts achieved for different types of rolling processes. 
Rolling Process Deformation (%) 
Cold (RT) ~ 10 % 
Warm (~300˚C) ~ 25 % 
Hot (~450˚C) ~ 50 % 
 
 
Figure 4.91 : Photographs of a cold rolling fault. 
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In Figure 4.92, light micrographs showing the microstructures after rolling at 300ºC, 
and rolling at 450ºC with laboratory scale rolling-mills. After laboratory scale 
warm/hot rolling processes the grain size of less than 10 µm was achieved in some 
regions as shown in Figure 4.92. In both sample microstructures, a few amount of 
twins were investigated. 
 
Figure 4.92 : Light micrographs showing the microstructures after a) rolling at 
300ºC, and b) rolling at 450ºC with laboratory scale rolling-mills. 
 
 
 
 
 
 
a 
b 
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Tensile test results for the 1500 mm wide as-received sheet and warm/hot rolled 
sheets were given in Figure 4.93. UTS values of the sheets were increased from       
225 MPa to approximately 275 MPa by applying homogenization and rolling 
processes. Moreover, elongation values were increased to more than 11 %. 
Microhardness values were 74-76 HV for the rolled samples. 
 
Figure 4.93 : Tensile test results for the as-cast 1500 mm wide AZ31 sheet and 
warm/hot rolled sheets. 
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4.4.2 Results of rolled Mg sheets by industrial scale roll mills 
With industrial scale rolling mills, AZ31 sheets were rolled down to 1.0 mm. One of 
the large flat 1 mm sheet samples with good surface properties was shown in    
Figure 4.94.  
 
Figure 4.94 : 1 mm thick AZ31 sheet. 
 
 
 
 
 
 
 
10 cm 
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4.4.2.1 Microstructures of rolled Mg sheets by industrial scale roll mills  
Figure 4.95 shows microstructures of three examples of the rolled sheets: 2.0, 1.5 and 
1.0 mm thick in the as-rolled condition from plan-view. The structures consist of 
twins. Therefore deformation amount can be stated to be high. 
 
 
 
Figure 4.95 : As-rolled plan view microstructures of a) 2.0 mm, b) 1.5 mm and       
c) 1.0 mm AZ31 magnesium alloys. 
b 
a 
c 
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In Figure 4.96, as-rolled cross-sectional microstructural views of 2.0, 1.5 and 1.0 mm 
thick AZ31 magnesium alloys were seen. Inhomogenities in the structure were 
observed for the 2 mm and 1.5 mm sheets. However, the structure was uniform in the 
entire cross-section in the 1 mm sheet. 
 
Figure 4.96 : As-rolled cross-sectional microstructural views of a) 2.0 mm,              
b) 1.5 mm, c) 1.0 mm AZ31 magnesium alloys (the dashed line 
shows the centerline). 
300 µm 
300 µm 
b 
300 µm 
c 
a 
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4.4.2.2 TEM results of rolled Mg sheets  
Figure 4.97 shows TEM pictures of the as-rolled AZ31 sheet with a lot of twins and 
dislocations. The twin widths were measured to be around 1 µm. 
 
 
Figure 4.97 : TEM pictures of as-rolled AZ31 sheet showing twins and dislocations. 
4.4.2.3 Microstructures of rolled and annealed magnesium sheets 
Annealing heat treatments were applied to the as-rolled Mg AZ31 sheets between 
350-450ºC for 1-2-4-6 h in laboratory furnace. In Figure 4.98, microstructures were 
given for three Mg AZ31 rolled sheets after homogenization heat treatments at 400ºC 
for 6 h. The twin structure was changed to equiaxed grains in most places. Grain 
sizes of less than 20 µm were achieved. Moreover, in Figure 4.99, plan-view 
microstructures of homogenized rolled AZ31 sheets at 400ºC for 1-2-4-6 h for 2 mm, 
1.5 mm and 1.0 mm thickness values. It was observed that annealing time did not 
cause grain coarsening much. 
 215
 
 
 
 
 
 
Figure 4.98 : Plan views of a) 2.0 mm, b) 1.5 mm, c) 1.0 mm AZ31 magnesium 
alloys after annealing at 400˚C for 6 h. 
b 
c 
a 
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Figure 4.99 : Plan-view microstructures of homogenized rolled AZ31 sheets at 400ºC for 1-2-4-6 h: a) 2 mm, b) 1.5 mm and c) 1.0 mm thick.
400ºC-1 h  400ºC-2 h  400ºC-4 h  400ºC-6 h  
a 
b 
c 
 217
In Figures 4.100 and 4.101 plan view and side view microstructures of 4 mm thick 
AZ31 magnesium alloy that was rolled down from 6 mm, and than annealed at 400˚C 
for 2 h were shown. As can be seen in both directions the grains were uniform with 
an average grain size of approximately 15 µm. Twinning structure was observed 
especially in the plan-view sample. Moreover, in Figure 4.102 plan view 
microstructure of 2 mm thick AZ31 magnesium alloy that was rolled from 6 mm and 
than annealed at 400˚C for 2 h was given. Average grain size was dropped to 10 µm, 
and no twins were observed. 
 
Figure 4.100 : Plan view microstructure of 4 mm thick AZ31 magnesium alloy that 
was rolled from 6 mm and than annealed at 400˚C for 2 h. 
 
Figure 4.101 : Side view microstructure of 4 mm thick AZ31 magnesium alloy that 
was rolled from 6 mm and than annealed at 400˚C for 2 h. 
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Figure 4.102 : Plan view microstructure of 2 mm thick AZ31 magnesium alloy that 
was rolled from 6 mm and than annealed at 400˚C for 2 h. 
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4.4.2.4 Tensile test results of rolled magnesium sheets 
From tensile test results of the as-rolled sheets it was observed that UTS values of    
300 MPa and elongation values of 10 % can be achieved (Figure 4.103). Moreover, 
by the homogenization heat treatment applied to TRC 6.5 mm AZ31 sheets ductility 
values of more than 20 % elongation was achieved (Figure 4.104-Table 4.9). Similar 
annealing heat treatments performed on as-rolled AZ31 sheets resulted to better 
ductility compared to the as-rolled condition as shown in Figure 4.103. UTS values 
were around 275 MPa maximum and ductility values of more than 15 % elongation 
were recorded. 
 
Figure 4.103 : Flow curve of as-cast 6.5 mm, and as-rolled 1.0 mm and 1.5 mm 
AZ31 sheets.  
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Figure 4.104 : Flow curve of TRC 6.5 mm, rolled 1.0, 1.5, 2.0 mm AZ31 sheets 
 after annealing heat treatments. 
Table 4.9 : Tensile test results of TRC 6.5 mm, rolled 1.0, 1.5, 2.0 mm AZ31 sheets 
after annealing heat treatments. 
Sample YS (MPa) UTS (MPa) EL(%) 
1 mm 167 263 15.0 
1.5 mm 191 277 16.4 
2 mm 188 276 17.1 
6.5 mm 114 240 17.9 
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Figure 4.105 shows true stress vs. true strain graph of 1.0 mm sheet in the as-rolled 
condition and after annealing at 400ºC for 6 h heat treatment condition for RD and 
TD directions. Moreover, in Table 4.10, tensile test results were given. It was 
observed that for both conditions, strength and strain values were similar for RD and 
TD. It can be clearly said that there was less strength and strain anisotropy compared 
to commercially available magnesium sheets produced by conventional methods.  
 
 
Figure 4.105 : Flow curve of 1.0 mm sheet in the as rolled condition and after 
annealing at 400ºC for 6 h heat treatment conditions for RD and TD 
directions. 
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Table 4.10 : Tensile test results of 1.0 mm sheet in the as rolled condition and after 
annealing at 400ºC for 6 h heat treatment conditions for RD and TD 
directions. 
Sample YS (MPa) UTS (MPa) EL(%)
1 mm RD 219 283 10.3 
1 mm TD 224 281 11.9 
1 mm 400ºC 6 h RD 167 263 15.0 
1 mm 400ºC 6 h TD 181 263 16.7 
It was also seen in Figure 4.106 that flow curves of AZ31 1 mm sheets after 
annealing at 400ºC for 6 h and 450ºC for 6 h were almost the same. Therefore, it can 
be stated that both 400ºC and 450ºC annealing treatments gave similar mechanical 
properties. It was also known that grain coarsening did not occur much when an 
annealing temperature of 450ºC was used instead of 400ºC.  
 
Figure 4.106 : Flow curves of AZ31 1 mm sheets after annealing at 400ºC for 6 h 
and 450ºC for 6 h 
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4.4.2.5 Fracture behavior of rolled magnesium sheets 
To observe the fracture behavior of rolled magnesium sheets, tensile test samples 
were photographed from side by digital camera and from top with SEM as in the case 
of as-cast samples and homogenized samples. These pictures were shown in Figure 
4.107-4.117 for 1, 1.5 and 2 mm thick AZ31 sheets for both as-rolled case and also 
after annealing at 400ºC for 6 h condition respectively. First, SEM pictures and then 
SEM fractographs were given.  
 
Figure 4.107 : Top view SEM pictures of 1.0 mm AZ31 in the as-rolled (left) and 
after annealing at 400ºC for 6 h conditions. 
 
Figure 4.108 : SEM fractograph of 1.0 mm as-rolled sample. 
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Figure 4.109 : SEM fractograph of 1.0 mm sample after annealing at 400ºC for 6 h. 
 
Figure 4.110 : Top view SEM picture of 1.5 mm sample in the as-rolled condition. 
 
Figure 4.111 : SEM fractograph of 1.5 mm as-rolled sample. 
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From the figures, it can be said that due to observation of dimples the fracture was 
mostly ductile However, large flat areas so that brittle fracture was observed for 
some of the as-rolled samples in the SEM fractographs. 
 
Figure 4.112 : Top view SEM picture of 1.5 mm sample after annealing at 400ºC for 
6 h. 
 
Figure 4.113 : SEM fractograph of 1.5 mm sample after annealing at 400ºC for 6 h. 
 
Figure 4.114 : Top view SEM picture of 2 mm sample in the as-rolled condition. 
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Figure 4.115 : SEM fractograph of 2.0 mm as-rolled sample. 
 
Figure 4.116 : Top view SEM picture of 2 mm sample after annealing at 400ºC for   
6 h. 
 
Figure 4.117 : SEM fractograph of 2 mm sample after annealing at 400ºC for 6 h. 
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Figure 4.118-4.119 show top view and side view digital picture fracture areas of 1, 
1.5 and 2 mm thick AZ31 sheets for both as-rolled case and also after annealing at 
400ºC for 6 h condition in the given order. For all samples the fracture surfaces were 
wavy. 
 
 
Figure 4.118 : Top and side view photographs of as-rolled 1-1.5-2 mm AZ31 sheets 
(left to right). 
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Figure 4.119 : Top and side view photographs of rolled and annealed (at 400ºC for  
6 h)1-1.5-2 mm AZ31 sheets (left to right).  
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4.4.2.6 Hardness measurement results of rolled Mg sheets  
Micro-Vickers hardness measurements were also performed by applying 200 g load 
on the Mg AZ31 sheets both in the as received (as-cast or as-rolled) conditions and 
also after annealing at 400ºC for 6 h heat treatment conditions as shown in Table 
4.11 and Figure 4.120. After annealing hardness values decreased as expected. 
Table 4.11 : Hardness test results of rolled and rolled and annealed Mg AZ31 sheets. 
 as-cast as-rolled 
Sample 6.5 mm 1 mm 1.5 mm 2 mm 
as-received 72 HV 65 HV 68 HV 70 HV 
400°C, 6 h 56 HV 55 HV 62 HV 60 HV 
 
 
Figure 4.120 : Micro-Vickers (200 g load) hardness values of AZ31 sheets in as-cast 
and as-rolled conditions, and after annealing at 400ºC for 6 h heat 
treatment conditions. 
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4.4.2.7 XRD texture measurements results of rolled Mg sheets  
(0002) pole figures (Figure 4.121) of the as-cast 6.5 mm and rolled 1.0 mm AZ31 
sheets showed that texture was more random compared to commercially available 
AZ31 sheets produced by conventional methods.  
  
 
Figure 4.121 : (0002) pole figures of a) as-cast 6.5 mm, b) rolled 1.0 mm AZ31 
alloy and c) commercially available 1.0 mm AZ31 alloy sheets. 
 
 
 
RD 
a b 
c 
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4.4.2.8 Investigation of defects observed in rolled Mg AZ31 alloy sheets  
In Figure 4.122, two example defect pictures were shown from the surface and cross-
sectional views for segregation zone in the TRC AZ31 alloy. By SEM-EDS and 
EPMA-WDS analyses it was observed that the amount of Al and Mn elements were 
increased with some oxide in the segregation zone (Figure 4.123). However, 
significant amount of segregations or inclusions in big dimensions were not observed 
for the rolled Mg AZ31 alloy sheets. 
  
 
Element Weight% Atomic% 
O K 4.96 7.91 
Mg K 63.29 66.36 
Al K 22.28 21.05 
Si K 0.66 0.60 
Mn K 8.81 4.09 
Totals 100.00  
Figure 4.122 : Light microscope a) plan-view and b) side view pictures, c) SEM 
picture, and d) EDS analyses of segregation zone of 1 mm Mg 
AZ31 sheet. 
a) b) 
c) 
d) 
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Element Weight% Atomic% 
O  3.27 5.66 
Mg  54.16 60.33 
Al  27.70 27.84 
Zn  14.87 6.17 
Totals 100.00  
Figure 4.123 : EPMA BSE image; Al, Mn, Zn, O elemental mapping  and EDS 
analysis results of a segregation in 2 mm AZ31 as-rolled sheet. 
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4.5 Results of Necklace Studies 
Grain morphologies of the as received materials were seen in Figure 4.124. As can 
be seen the sheet had a fine grain size and heavily twinned microstructure. Other 
specimens had equiaxed grain structures mostly free of twins. The average grain 
sizes were calculated to be 8 µm (not counting twins as grains) for the AZ31 sheet, 
17 µm for the AZ31 plate, 31 µm for the AZ31 rod and 7 µm for the AZ61 wire. 
Magnesium alloy specimens were stretched to a total strain of 2 and 5 %. As can be 
seen in Figure 4.125, amount of deformation was critical for recrystallization and 
changes the grain morphology. True stress-true strain graphs of these samples were 
shown in Figure 4.126a. After stretching, the specimens were annealed to achieve 
recrystallization. However, no obvious necklace structure was observed in any of 
these specimens. There was only inhomogeneous grain distribution.  
 
 
 
 234
 
 
 
 
 
 
Figure 4.124 :  Light micrographs of magnesium alloys a) AZ31 as received sheet,    
b) AZ31 sheet annealed at 250°C for 2 h, c) AZ61 as received wire, 
d) AZ31 as received plate, e) AZ31 plate annealed at 450°C for 3hr 
and f) AZ31 as received rod 
 
50 µm 50 µm 
50 µm 
50 µm 50µm 
50 µm 
a 
d 
e 
b 
c 
f 
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Figure 4.125 :  Metallographic pictures of magnesium alloy AZ31 sheets a) 2 h 
annealed at 250°C, b) 2 % stretched + 2 h annealed at 250°C and     
c) 5 % stretched + 2 h annealed at 250°C. 
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Dynamic recrystallization trials were also performed at 300°C. For the sheet and wire 
specimens, the tests were stopped at 10 and 20 % total strain since the peak stresses 
were reached so soon. Tensile tests on the plate were stopped at 10, 20 and 40 % 
total strain while on the rod specimens at 32 % (rupture occurred and neck region 
was examined). True stress-true strain curves of high temperature tensile tests were 
given in Figure 4.126b.   
 
 
 
Figure 4.126 : Stress-strain graphs of the specimens a) at room temperature (5 % 
stretching) and b) at 300°C. 
a 
b 
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From light micrographs (Figure 4.127) it was seen that newly recrystallized grains 
were forming necklace distribution in plate and rod specimens when the initial grain 
size was larger than about 15 µm. It was also observed that necklace structure was 
becoming more noticeable as the initial grain size or the amount of deformation was 
increased.   
 
Figure 4.127 : Light micrographs of magnesium alloys a) AZ31 sheet deformed     
10 %, b) AZ31 sheet annealed at 250°C for 2 h and deformed 20 %, 
c) AZ61 wire deformed 10 %, d) AZ31 plate deformed 20 %,            
e) AZ31 plate annealed at 450°C for 3 h and deformed 20 % and      
f) AZ31 rod deformed 32 %. 
 
a b
c d
e f
50 µm 
50 µm 50 µm 
50 µm 50 µm 
50 µm 
 238
Necklace formation was seen from two directions (parallel and perpendicular to 
tensile axis respectively) in Figure 4.128 for AZ31 rod stretched 32 % at 300°C. 
 
 
Figure 4.128 : Necklace formation in AZ31 rod stretched 32 % at 300°C (parallel 
(top) and perpendicular (bottom) to tensile axis). 
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Metallographic pictures of magnesium alloy AZ31 plates stretched  10 %, 20 % and 
40 % at 300°C were seen Figure 4.129. Necklace formation around grains were very 
clear.  
 
 
 
Figure 4.129 : Metallographic pictures of magnesium alloy AZ31 plates stretched     
 a) 10 %, b) 20 % and c) 40 % at 300°C. 
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TEM pictures showed that the structure consists of deformation bands and 
dislocation clouds (Figure 4.130). There were only rare cases to observe the grain 
shapes. 
   
 
Figure 4.130 : TEM pictures of necklace sample. 
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Moreover, in Figure 4.131 fracture behavior of the AZ31 rod tensile tested at 300°C 
was seen from SEM pictures. It was observed that the fracture behavior was ductile. 
There were a lot small dimples on sizes of around 10 µm which was order of grain 
size. 
 
 
Figure 4.131 : SEM fractographs of the AZ31 rod tensile tested at 300°C. 
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4.6 Conventional Casting Results 
Magnesium alloys containing up to 20 % aluminum were produced by conventional 
casting method (Figure 4.132).  From the XRD spectrum Mg17Al12 β-phase peaks 
were obvious (Figure 4.133). Compared to TRC samples, conventional casting Mg-
alloy had higher intensity levels of β-phase. β-phase was seen at 2-theta positions of : 
36.11°, 40.08°, 43.74° and 41.94°. β-phase was most obvious at 36.11°, next to 
)1110( peak of Mg.  In Figure 4.134, microstructures of the as-cast Mg-Al alloy 
were shown by light microscope. 
 
Figure 4.132 : Photograph of Mg-Al cast alloy samples. 
 
Figure 4.133 : XRD spectrum of Mg-Al cast alloy. 
β 
β 
 
β β 
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Figure 4.134 : Light microscope micrographs of Mg-Al cast alloy. 
Figure 4.135 shows SEM pictures. Moreover, in Figure 4.136 and 4.137 EPMA 
pictures were given. From light micrographs, SEM and EPMA pictures, it was 
observed that partially divorced eutectic structure was the common structure. β-phase 
(Mg17Al12) was detected by EPMA-WDS analyses. The structure was different than 
TRC samples morphologically and also by this elemental distribution. 
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Figure 4.135 : SEM micrographs of Mg-Al cast alloy. 
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Figure 4.136 : EPMA micrographs of Mg-Al cast alloy. 
With the help of light, SEM and EPMA micrographs, it was observed that a 
homogenous microstructure was achieved, and it can be said that conventional 
casting method works fine for Mg alloying. 
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Figure 4.137 : EPMA maps of Mg-Al cast alloy. 
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5. DISCUSSION 
Magnesium is the lightest structural metal. Magnesium alloy sheet is an interesting 
alternative for lightweight construction. There is increasing interest in using 
magnesium alloy sheets especially in electronics and transportation industries. Low 
density of magnesium alloys (~1.78 g/cm3) is combined with a strength level     
(~300 MPa), which is similar or even above the values to aluminum alloys used for 
automotive applications (e.g. AlMg4.5, AlMg3). 
Application of wrought magnesium alloys especially in the form of sheet is limited 
due to the high price of conventional rolling product. However, the demand for 
decreasing the magnesium sheet prices is high and can be met through twin-roll 
casting (TRC). It is known that TRC process integrates casting and rolling into a 
single process.  
Recently, an industrial scale magnesium twin roll casting plant was set up in Turkey 
with a project of TUBITAK (The Scientific & Technological Research Council of 
Turkey) Marmara Research Center Materials Institute supported by State Planning 
Organization of Turkey. 1500 mm wide magnesium alloy AZ31, AZ61, AZ91, 
AM50 and AM60 sheets of 4-8 mm thickness were successfully twin roll casted.  
These are the widest magnesium alloy sheets that have been produced by this method 
in the world so far. Afterwards, sheets were homogenized and hot rolled down to less 
than 1 mm both by laboratory and industrial scale rolls. Ageing studies were also 
applied on AZ91 Mg alloy sheets. Moreover, necklace studies and also conventional 
casting trials were performed. 
In this chapter, first the discussion of twin roll strip casting process will be given, 
followed by discussions on homogenization, ageing and rolling studies. Moreover, a 
brief discussion on necklace and conventional casting experiments will be stated.  
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5.1 Twin Roll Casting Process 
1500 mm wide magnesium alloy AZ31, AZ61, AZ91, AM50 and AM60 sheets of   
4-8 mm thickness were successfully twin roll casted (TRC). Capacity of the furnace, 
width and diameter of the rolls and achieved widths were more than twice of most of 
the other commercial firms’ values (i.e. studies of CSIRO, Australia, POSCO and  
RIST, Republic of Korea, MgF Freiberg, Germany, Hydro, Norway, Mitsubishi 
Aluminum, Japan, Sumitomo Electric Industries, Japan, GONDA Metal, Japan, 
Luoyang Copper, Fuzhou Huamei, China and Yinguang Magnesium, China)                                      
[90,94,95,14,111,123,43,44,135-138,46,163,165,158-162,167,78,179]. 
There were other studies of horizontal twin roll casting (HTRC) and vertical twin roll 
casting (VTRC) of magnesium alloys from all parts of world. The magnesium alloys 
were mostly AZ31 alloy, but AZ21, AZ41, AZ61, AZ91, AM50, AM60, ZM, ZMA, 
AZ41Ca, ZK60, ZACa and other experimental alloys were also produced. However, 
the trials were mostly at very small dimensions. Some of the widths of the sheets 
were 10 cm or even less. Therefore, it can be proposed that to control the continuous 
casting parameters such as melt temperature, melt height, set-back distance, roll-gap 
thickness, rolling forces, roll speed, lubrication and cooling can be adjusted easier on 
the smaller scale magnesium sheets. It is known that TRC process integrates casting 
and rolling into a single process. It is not a simple casting process. Therefore, these 
multi and interdependent continuous casting parameters are very critical for twin roll 
casting of magnesium alloys. 
Melting and holding furnaces, rolling mills and tip can be designed and modified 
more easily at smaller laboratory scale equipments. Moreover, number of twin roll 
casting processes was limited in this study due to budget, time, man-power and 
energy concerns. This limited obtaining magnesium sheets with superior properties. 
When the dimensions are smaller, controlling the solidification helps to decrease the 
segregation, improves the inclusion size distribution and refines microstructural and 
textural homogeneity. Moreover, it may lead to faster solidification, better 
homogeneity and finer microstructure. 
There are certain limits in magnesium alloy sheets produced by twin roll casting as in 
aluminum alloys or other materials. The limits are minimum and maximum thickness, 
and maximum width. In this study for instance, maximum width tried was 1500 mm. 
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Magnesium sheet thicker than 8 mm was not possible and thinner than 4 mm was not 
tried. Similar maximum widths were reported for magnesium alloys (POSCO, MgF 
Freiberg, Luoyang Copper, Fuzhou Huamei and Yinguang Mg) and for aluminum 
alloys (i.e. Novelis, Fata Hunter) [14,111,43,44,136,78,179,66,74-77]. Thinner 
magnesium sheets were achieved down to 2-3 mm (CSIRO, POSCO, Luoyang 
Copper, Fuzhou Huamei) [90,94,95,14,111,78,179]. The widest aluminum sheets 
achieved were 2300 mm. [66,74-77].  This tells us that there is a limit of the width 
due to the process even for 50 year old aluminum continuous casting industry. 
Moreover, it can be easily said that twin roll casting process of 800 mm was much 
easier than 1500 mm magnesium alloy sheets in this study. For 800 mm magnesium 
sheets, the process was stopped after achieving more than 50 meters of sheets for 
duration of more than 2 hours without having any problems. However, for the     
1500 mm case, the process had to be stopped due to problems or tip failures after less 
than 1 hour. This suggests that duration of the process is directly related to the sheet 
dimensions. Maximum durations reported in the literature were 24 hour for POSCO 
and 6 hours for Mg Freiberg. [111,136]. For other systems the reported values were 
smaller due to capacities or problems.  
It can also be proposed that tip material and tip design was found to be the most 
critical step in this study. When a tip fails, the production stops. Without having a 
long duration it is impossible to test all twin roll casting parameters in a few hours. 
However, there is no commercially available tip just special to magnesium alloys. 
Since magnesium is a reactive metal; oxidation and temperature in the tip is very 
critical for achieving successful processes. 
It was observed that there was moderate edge cracking which were less than 10 mm 
in length. This edge crack width was similar to the value obtained by the authors of 
Hydro Norway. It was also seen that the surface quality of the produced Mg alloy 
AZ31 sheet was in good condition. The surface was smooth and shiny. Surface 
quality was similar or even better than most of the sheets produced by TRC in the 
world [44,46,78,95,97,179]. Moreover, variation in thickness was measured to be 
±0.03 mm. This value was better than the tolerance value given by Australian 
researchers in CSIRO (0.08 mm) [90]. 
In all of the XRD spectrums, (0002) peak was the highest peak instead of )1110(  
peak as given in the XRD card. This suggests that there is basal texture in the as-cast 
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sheets. In all spectrums β-phase was seen. Moreover, highest β-phase peak 
intensities were observed for the as-cast AZ91 Mg alloy sheet where there was 
highest Al content. It is known that β-phase is Mg17Al12, and as Al amount increases 
the chance to observe β-phase increases due to the phase diagram [2-6]. 
A dendritic structure which is in between die-casting structure and semi-solid casting 
structure was observed. This structure was similar to other twin roll casted structures 
that were investigated by other authors. Dendritic boundaries were not very distinct. 
This can be due to high deformation occurred in twin-roll area. However, dendritic 
grain size was tried to be measured by observing orientation and contrast differences. 
As observed from the cross-sectional (longitudinal and transverse) microstructures of 
as-cast Mg sheets, orientation on the rolling direction was not very obvious. The 
microstructure was homogenous throughout the thickness of the sheet. Columnar or 
elongated grains were not observed. Edge and centerline effects were on the 
minimum level. 
Compared to other researchers work more uniform and equiaxed structure was 
observed. However, in the studies of POSCO, near the surface of strip; chilled grain 
structure was formed. Towards the center, columnar grain structure was observed. 
Strong slip lines were found between the columnar grains due to the hot rolling effect 
of twin-roll casting. In the central part, equiaxed grain structure was formed since the 
cooling rate was lower [111,196].   
Columnar microstructures were not observed as seen by some other researchers. 
They observed relatively finer grain structure at the surface due to the higher cooling 
rates [111,46,196].  Moreover, they stated that relatively finer grain size at the centre 
of the strip was a direct result of the increased solute contents at the centre of the 
strip, which provides a greater growth restriction. In the central part, center line 
segregation, which was a mixture of alpha-Mg, beta-Mg17Al12 and AlxMny phases, 
was observed by the authors (RIST) [111]. Authors of BCAST state that the major 
problems with the conventional TRC process are coarse columnar grains of a size of 
approaching 1 mm, severe chemical segregation at the centre of the strip, large 
amounts of defects like bleeding and only casting dilute alloys with narrow freezing 
range [196,197]. They mentioned that most of such problems are created during the 
deformation process. 
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In this study, as-cast dendritic grain sizes were approximately 100-200 µm compared 
to DC ingot grain size of approximately 600-1000 µm. Similarly, CSIRO researchers 
observed grain sizes of 40-100 µm for Mg AZ91 alloy strips [96].  Hydro Norway 
researchers also stated as-cast grain sizes of 200 µm for Mg AZ31 alloy sheets [46].  
Other reported as-cast grain sizes are 80 µm (Hanover University), 10-120 µm 
(Chongqing University) and 220-600 µm (BCAST, Brunel University). 
[141,188,196,197].   
Secondary dendrite arm spacings (SDAS) were measured to be 10-15 µm. Finest 
secondary dendrite arm spacing (10 µm) was measured for the as-cast AZ91 alloy. 
The addition of Al results in refinement of the interdendritic spacing as in the case of 
AZ91 alloy as observed by Park et al. in POSTECH [120].  Moreover, the grain cells 
of AZ91, AM50 and AM60 TRC alloys were finer than the others especially in some 
regions. The grain cells were not homogeneously distributed. The structure was more 
uneven on the edges. These also tell us, there is some edge effect and the 
deformation on the edges can be higher as observed by other researchers. 
Secondary dendrite arm spacing (SDAS) values were smaller than conventional DC 
ingot values which are about 35 µm; however some researchers reached 4-5 µm for 
TRC of Mg alloys. Moreover, cooling rate was calculated to be 16.1-59.6 K/s. These 
cooling rates are faster than of conventional ingot casting (~10 K/s). Korean and 
Japanese researchers reached 100-300 K/s values for TRC of Mg alloys. 
[119,120,163].  CSIRO, Australia, Hydro Norway and Mitsubishi Aluminum, Japan 
reported cooling rates of 100-2000 K/s, 270 K/s and 239-556 K/s respectively. 
[96,46,163].  Therefore, it can be proposed that, cooling rate in this study was not 
very high as compared to others. 
In none of the micrographs, large amounts of edge cracks, severe damages or 
oxidation were found. However, small cracks, holes, oxidation, roughness on the 
edges and segregation were observed. Segregation width was maximum 100 µm for 
all magnesium alloys. Besides, AZ91 alloy had the worst segregation having the 
highest Al content. Since several twin roll casting trials were not made, affect of 
other parameters on segregation were not able to be studied such as roll speed and 
roll gap. Park et al. used different roll speeds on TRC casting of aluminum alloys, 
magnesium alloys as well as bulk metallic glass alloys [116,117]. They observed that 
decreasing the roll speed from 16 and 8 m/min to 4 m/min resulted a sheet without 
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segregation zone. Also, the microstructure changed to more uniform structure. 
Similarly, as the roll gap was changed, the microstructure changed to different 
morphology of segregation and grain size.  
TEM analyses showed that, in the as-cast magnesium alloy sheets, the structure 
involved large amounts of dislocation clouds and twins. The dislocation structure 
hindered the observation of grain boundaries.  Therefore, observation of the grains 
was not easy. However, some of the grains could be photographed. When examining 
the as-cast samples via TEM, four types of particles were observed: big micron scale 
Al-Mn-Fe and Al-Mn-Zn particles; and nano-scale Al-Mn and Al-Zn particles.  
From tensile test curves of as-cast AZ31, AZ61, AZ91, AM50 and AM60 Mg alloys 
at room temperature, it was found that max strength was achieved for AM60 alloy. 
Maximum yield strength (YS) and ultimate tensile strength (UTS) achieved for      
as-cast sheets were 220 MPa and 255 MPa respectively. Moreover, as Al content is 
increased, there was a trend to have higher strength. However, almost all specimens 
fractured before achieving their peak ultimate tensile strength, since a plateau was 
not observed. Therefore, it can be proposed that, maximum tensile strengths were not 
achieved for none of the samples. A highest ductility of only 3.3 % elongation was 
observed for the AZ31 case. Other samples’ elongation values were much lower. 
Moreover, flow curves were drawn for both 800 mm specimens and also 1500 mm 
specimens. The RD samples were stronger than the 45° to the RD samples, which 
were stronger than the TD samples. This suggests that there is strength anisotropy. 
All of these samples had similar ductilities, other than 800 mm TD sample which had 
a ductility of around 9 %. In the literature reported as-cast mechanical properties 
were rare. The reported TRC tensile results are YS of 169 MPa, UTS of 275 MPa 
and ductility of 4.8 % for MgF Freiberg for AZ31 alloy [136]. Similarly, in the paper 
of Mitsubishi Aluminum, Japan, UTS of 175 MPa and ductility of 4 % was stated for 
AZ31 alloy [164]. 
The low ductility observed for some as-cast Mg alloy sheets are thought to be related 
to their inhomogeneous microstructures. Besides, bad specimen preparation such as 
scratches, dents and inhomogeneous dimensions have very detrimental effect on 
mechanical behavior results of the as-cast Mg sheets. 
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Since magnesium alloys do not have high ductility values at room temperature, 
mechanical properties related to ductility such as fracture behavior is critical. 
Fracture was more critical in the as-cast samples since they had very small ductility 
values. It can be proposed that, due to observation of flat areas, facets and cleavage 
structures in the SEM fractographs, the fracture is mostly brittle type. Nevertheless, 
there were some regions of dimples which were proof of some ductile fracture. 
Moreover, from the pictures of the failed samples, it was observed that, cup-and-cone 
fracture behavior was not obvious. There was almost no shear lip zone. In addition, 
area reductions or necking were at minimum levels related to low ductility. 
Pole figures of the as-cast AZ31, AZ61 and AZ91 alloy sheets show that texture was 
more random than commercially available AZ31 sheet. Similarly, RIST and MgF 
Freiberg researchers investigated similar random type basal textures for TRC AZ31 
alloys sheets [114,136]. Since texture and anisotropy is critical for forming 
operations, starting texture is important. Consequently, having a random texture will 
aid future rolling and forming processes [262]. 
5.2 Homogenization Studies 
To ensure the dissolution of Mg17Al12 phase in the eutectic, to reduce 
microsegregation, to remove non-equilibrium, low melting point eutectics and to 
control precipitation of excess concentrations of elements that are dissolved during 
solidification, sheets were homogenized before hot rolling process.  
The phase diagrams show the binary Mg-Al eutectic to be 436°C, and the AZ31 
ternary eutectic is around 422°C [46]. In CSIRO, homogenization heat treatment was 
applied between 350°C and 420°C for 2-18 hours for AZ31, AZ61 and 425-450°C 
for 24 h for AZ91 alloys [79,91,96]. An annealing of 400°C for 4 hour condition is 
used for AZ31 alloy in POSCO [113]. In MgF, Freiberg 400-450-480-500°C for 1-4-
16 h homogenization conditions were tried [136]. According to MgF researchers, 
with increasing temperatures, the grain sizes were observed to rise. Thus, 450°C is 
stated to be a limit for the annealing process of AZ31 alloys. In addition, according 
to researchers in Norway, the sheets were heated to 400°C and held at that 
temperature for a minimum of one hour [46]. In Sumitomo Electric Industries Ltd., 
to homogenize the AZ31 and AZ91 cast strips, they were subjected to thermal 
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treatment at 400C for 6 hours [158]. Mitsubishi Aluminum Co., Ltd. homogenized 
AZ31 sheets at 450ºC for up to 24 h [163,164].   
Similar to the homogenization conditions learned from literature, the homogenization 
heat treatment was performed at 350-450ºC for 1-2-4-6 h. To see the effect of 
temperature, the as-cast Mg AZ31 alloy sheets were homogenized between          
350-450ºC for 1-2-4-6 h in laboratory furnace. As the homogenization temperature is 
increased, grain coarsening occurs. Moreover, since other than AZ31 alloy, all of the 
Mg sheet alloys were oxidized above 400°C significantly, 400°C was chosen as a 
homogenization temperature. To observe time effect, the as-cast Mg alloy samples 
were homogenized at 400ºC for 1-2-4-6 h in laboratory furnace. Additionally, some 
multi-step heating was applied in 6 hour intervals to achieve 12 h, 18 h and 24 h total 
time of homogenization. 
As-cast grains transformed to a much smaller grain size after homogenization. Grain 
sizes of less than 20 µm were achieved with beginning dendritic grain sizes of     
100-200 µm. This is believed to be due to recrystallization, induced by a significant 
plastic deformation within the twin roll gap. In addition, as is the case with 
interdendritic spacing, the grain size decreases with the addition of Al (19 µm for 
AZ31, 14 µm for AZ61, for 15 µm AZ91) as also observed by other authors           
(i.e. Park et al., POSTECH) [120,121].   
Furthermore, it was observed that 1 hour homogenization was not enough for 
dissolution of Mg17Al12 beta-phase at 400ºC for all Mg sheets. Some dendritic 
structures were still seen in the micrographs. However, for all alloys, as the 
homogenization time was increased grain structures and grain sizes got more even. 
XRD spectrums of homogenized AZ31, AZ61, AZ91, AM50 and AM60 magnesium 
alloy sheets after annealing at 450ºC for 6 h showed that in most of the XRD 
spectrums, )1110(  peak was the highest peak as given in the XRD card compared to 
the case for the as-cast alloys where (0002) peak was the highest peak. Thus, it can 
be proposed that, the texture was more random in the homogenized alloys compared 
to the as-cast case. This can be due to the relaxation of the deformed structure 
produced by rolling in the twin roll casting process after homogenization heat 
treatment. Moreover, in all alloys in the homogenized condition, β-phase was almost 
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invisible. This suggests that the eutectic β-phase was dissolved by homogenization 
heat treatment. 
After homogenization, the deformation structure was relaxed and the dislocation 
amounts were decreased. It was possible to observe the grain structure by TEM.    
Al-Mn precipitates with different morphologies were observed in all homogenized 
Mg sheets. With the help of HRTEM pictures, diffraction patterns and EDS analyses 
some of the Al-Mn particles were identified to be Al8Mn5 type. 
From flow curves and tensile results of homogenized TRC Mg alloys at 400˚C for    
2 h. Ductility values reached more than 20 % elongation after homogenization      
(i.e. AZ61). The conditions employed for thermomechanical processing showed that 
the microstructure and mechanical properties of the produced sheets can be improved 
significantly.  
When the homogenization temperature was increased from 350ºC to 450ºC both the 
yield strength and ultimate tensile strength values were decreased, however, the 
ductility values were increased for AZ31 sheet. From flow curves of TRC 6.5 mm 
AZ31 sheet after homogenized at 450ºC for 2 h and 6 h it was observed that both 
curves followed the same path. Therefore, it can be concluded that, homogenization 
time change did not affect the tensile properties at a homogenization temperature of 
450ºC. 
From the fractographs of homogenized AZ31, AZ61, AZ91, AM50 and AM60 alloys, 
it can be said that, due to observation of dimples the fracture, was mostly ductile 
compared to mostly brittle fracture behavior of as-cast sheet samples. This is also a 
proof of higher values of ductility achieved after homogenization. 
Hardness measurements of homogenized samples also gave quite reasonable 
hardness values compared to the literature [128-129].   When the homogenization 
was applied to as-cast samples, it was seen that all of the hardness values dropped. 
Moreover, it was found that homogenization time did not change the hardness value 
a lot at 400ºC. Therefore 400ºC may not be a very high temperature for annealing 
which can be chosen as a homogenization temperature. 
SEM studies were also performed on the samples for characterization of the 
microstructure and investigating the features such as segregation, inclusions, oxides, 
cracks, particles and precipitates by SEM-EDS in addition to optical microscope 
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studies. Even after homogenization, those defects were observed in the magnesium 
alloys. By EDS analyses it was observed that the amounts of Al, Zn, Mn and O 
elements were increased in the segregation zone compared to the base metal. RIST 
researchers stated that the cental segregations were also reduced by the diffusion into 
surrounding Mg base matrix. Since the grain growth is much slower than the 
dissolution rate of beta-Mg17Al12 segregation, the center line segregation could be 
reduced at normal annealing conditions without involving too much grain        
growth [111]. 
5.3 Ageing Studies 
To be able to increase strength of produced TRC alloys ageing studies were 
performed. Since AZ91 is an age hardenable alloy, AZ91 sheets were chosen to 
study mechanical property changes and microstructural differences. Before ageing, 
the samples were homogenized at 400ºC for 6 h. The samples were aged at 200ºC for 
1-2-4-6-22-24-100 hours.  
From the XRD spectrums of aged AZ91 magnesium alloy sheet aged at 200ºC for  
24 h and 100 h, Mg17Al12 β-phase was observed. Moreover, intensity values of        
β-phase peak intensities were higher in the case of 100 h ageing time compared to   
24 h ageing. Therefore, it is concluded that ageing caused microstructural changes 
and an increase in number of precipitates.       
From TEM investigations, nano particles in rod shaped precipitates, which were 
found to be Mg17Al12 β-phase precipitate by TEM-EDS, were observed in the size of 
150-300 nm in length and 50-150 nm in width. A high increase was not observed 
when the ageing time was increased to 100 h from 24 h, however; volume 
concentration seemed to increase. 
Age hardening curve of TRC Mg AZ91 sheet after homogenization at 400°C for 6 h 
followed by ageing at 200ºC for 1-2-4-6-22-24-100 hours showed that hardness 
values were increased from 66 HV up to around 85 HV by ageing at 24 h. Hardness 
did not increase further, when the ageing time was increased. This can be related to 
similar sizes and volume concentrations of precipitates at ageing times of 24 h and 
100 h at 200ºC. Higher hardness values are reported for aged AZ91 alloys in the 
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literature [58-59]. This can be related to inhomogenous structure of the AZ91 alloy 
used in this thesis. Moreover, β-phase amount was observed to be very small. 
5.4 Rolling Processes 
By laboratory scale rolling mills, different trials of cold, warm or hot rolling were 
performed to determine the maximum deformation for certain temperatures. UTS 
values of the sheets were increased from 225 MPa to approximately 275 MPa by 
applying homogenization and rolling processes. Moreover, elongation values were 
increased to more than 11 %. Microhardness values were 74-76 HV for the rolled 
samples. 
The parameters from laboratory scale rolling studies helped to have knowledge and 
experience about the rolling operation of magnesium alloys. With industrial scale 
rolls, AZ31 sheets were rolled down to 1.0 mm. Large flat sheets with good surface 
properties were able to be produced. 
Microstructures of as-rolled sheets consisted of twins. Therefore, deformation 
amount can be stated to be high. Nevertheless, microstructure studies of Mg AZ31 
rolled sheets after homogenization heat treatments at 400ºC for 6 h showed that the 
twin structure was changed to equiaxed grains mostly. Grain sizes of less than 20 µm 
were achieved. It was also observed that, annealing time did not cause grain 
coarsening much at 400ºC between annealing times of 1 to 6 hours. 
Ductility values of rolled specimens were less than the homogenized condition 
specimens, but strength values increased. Furthermore, annealing heat treatments 
performed on as-rolled AZ31 sheets resulted to better ductility compared to the as-
rolled condition. UTS values were around 275 MPa maximum and ductility values of 
more than 15 % elongation were recorded. These values were similar to the results 
obtained by other researchers by TRC studies or even conventional sheets (i.e. 
studies of CSIRO, POSCO, MgF Freiberg, Hydro Norway) [95,96,14,44,136,46].   
Flow curves of 1 mm sheet in the as rolled condition and after annealing at 400ºC for 
6 h heat treatment condition for RD and TD directions showed that for both 
conditions, strength and strain values were similar for RD and TD. It can be clearly 
said that there is less strength and strain anisotropy compared to commercially 
available magnesium sheets produced by conventional methods. This behavior may 
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be observed since hot rolling was only performed on this sample and in a slow and 
controlled way.  
Flow curves of AZ31 1 mm sheets after annealing at 400ºC for 6 h and 450ºC for     
6 h were almost the same. Therefore, it can be stated that both 400ºC and 450ºC 
annealing treatments gave similar mechanical properties. It was also observed that 
grain coarsening did not occur much when an annealing temperature of 450ºC was 
used instead of 400ºC in AZ31 1 mm sheet.  
From the fracture area pictures, it can be said that, due to observation of dimples the 
fracture was mostly ductile for the as-rolled, and as-rolled and annealed samples. 
However, large flat areas, so that brittle fracture was observed for some of the        
as-rolled samples in the SEM fractographs. For all samples, the fracture surfaces 
were wavy. It can be mentioned that this fracture behavior was more similar to 
homogenization sample behavior than as-cast samples’ behavior. Since the beginning 
material was homogenized, it is more likely to observe this case. Furthermore, it can 
be proposed that there is not a big affect of rolling or rolled sheet thickness on 
fracture behavior. 
Hardness measurements were done on as-rolled conditions and also after annealing at 
400ºC for 6 h heat treatment conditions on 1, 1.5 and 2 mm sheets. 2 mm sheet 
having the most twins showed highest hardness. After annealing, hardness values of 
all rolled specimens were decreased as expected. This softening was caused by grain 
relaxation and coarsening due to annealing. 
Texture pole figures of the rolled 1 mm AZ31 sheet sample showed that texture was 
more random compared to commercially available 1 mm AZ31 sheet produced by 
conventional methods. Moreover, flow curves of 1 mm AZ31 sheet showed no 
strength anisotropy. Having more random texture can be due to having high number 
of passes applied for rolling in this study. The rolling process was performed in a 
controlled manner so that several passes were applied and in between heating was 
done. Moreover, cold rolling was not applied for that sample. It is known that cold 
rolling creates more twins and dislocation structures which causes more           
texture [251,261-264].   
Surface segregations were observed in some specimens. By SEM-EDS and EPMA-
WDS analyses, it was observed that the amounts of Al and Mn elements were 
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increased in the segregation zone compared to the base metal. These surface 
segregates are thought to be mostly coming from inside. When the material having 
centerline segregation or other defects inside is rolled, these defects can go outside 
and can be even visible on the surface. Even if significant amount of segregations or 
inclusions in big dimensions were not observed for the rolled Mg AZ31 alloy sheets, 
these segregations should be eliminated from the surface for future surface quality 
requirements of the sheets especially for automotive body panels or for electronic 
industry. 
5.5 Necklace Studies 
From light micrographs, it was seen that newly recrystallized grains were forming 
necklace distribution in plate and rod specimens when the initial grain size was larger 
than about 15 µm. It was also observed that necklace structure was becoming more 
noticeable as the initial grain size or the amount of deformation was increased.   
From the metallographic observations of magnesium alloy AZ31 plates stretched    
10 %, 20 % and 40 % at 300°C, necklace formation around grains were very clear.  
TEM pictures showed that the structure consisted of deformations bands and 
dislocation clouds. This suggests that there was a high deformation on the samples. It 
was not possible to observe small necklace grains by TEM due to those. Moreover, 
TEM sample preparation may had worse affect to not observe the proper grain 
structure. 
From the fractographs of the AZ31 rod tensile tested at 300°C, it was observed that 
the fracture behavior was ductile. There were a lot of small dimples with sizes of 
around 10-20 µm which is order of grain size of the specimen. Since the tensile test 
was performed at a high temperature, this behavior was expected. The ductility 
increased dramatically by increasing the temperature. Grain boundary sliding and 
recrystallization may occurred causing high ductility and ductile fracture behavior. 
5.6 Conventional Casting Experiments 
From the XRD spectrum, Mg17Al12 β-phase peaks were obvious. Compared to TRC 
samples, conventionally casted Mg-alloy had higher intensity levels of β-phase. 
From light micrographs, SEM and EPMA pictures, it was observed that partially 
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divorced eutectic structure was the common structure. This may be related with the 
cooling behavior of the mold. Mg17Al12 β-phase was detected by EPMA-WDS 
analyses. The structure was different than TRC samples morphologically and also by 
the elemental distribution. With the help of light, SEM and EPMA micrographs, it 
was observed that a homogenous microstructure was achieved, and it can be said that 
conventional casting method can be used for future Mg alloying. 
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6. CONCLUSIONS AND RECOMMENDATIONS 
This work involved extensive research on the production of wrought magnesium 
alloy sheets by horizontal twin roll casting process. After production, 
thermomechanical processes were applied such as homogenization, annealing, 
ageing, hot and cold rolling. Moreover, necklace studies and conventional casting 
were performed. The summary and conclusions will be given below in order.  
The conclusions from twin roll casting process are: 
6.1.1. Magnesium alloys AZ31, AZ61, AZ91, AM50 and AM60 sheets of 4-8 mm 
thick and 1500 mm width were achieved by twin roll casting (TRC) method. 
6.1.2. It was observed that there was moderate edge cracking in regions which was 
less than 10 mm in width. It was also seen that the surface quality of the Mg alloy 
AZ31 sheet product was in good condition. The surface of as-cast sheet was smooth 
and shiny. 
6.1.3. Casting speeds and the resulting cooling rates did not appear to alter the 
present phases that were naturally expected from the alloys studied. For all Mg 
alloys, second phase peaks were not significant other than Mg17Al12 (β) phase in 
XRD graphs. This phase was observed for the as-cast Mg alloys other than the AZ31 
alloy, but especially for the AZ91 alloy where there was highest Al content.  
6.1.4. A dendritic structure which is in between die-casting structure and semi-solid 
casting structure was observed in the as-cast structures. The microstructure was 
homogenous throughout the thickness of the sheet. Columnar or elongated grains 
were not observed. Orientation on the rolling direction was not very obvious. Edge 
and centerline effects were on the minimum level. 
6.1.5. As-cast dendritic grain sizes were approximately 100-200 µm compared to 
typical conventional DC ingot grain size of approximately 250-1000 µm.  
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6.1.6. Secondary dendrite arm spacings (SDAS) were measured to be 10-15 µm 
which were smaller than conventional DC ingot values which are about 35 µm. 
Finest secondary dendrite arm spacing (10 µm) was measured for the as-cast AZ91 
alloy. The addition of Al results in refinement of the interdendritic spacing as in the 
case of AZ91 alloy. Additionally, cooling rate was calculated to be 16.1-59.6 K/s. 
These cooling rates are faster than of conventional ingot casting (~10 K/s). 
6.1.7. Microscopic examination did not reveal large-size edge cracks. Severe 
damages or oxidation were not found. However, small cracks, holes, oxidation, 
roughness on the edges and segregation were observed. Segregation width was 
maximum 100 µm. 
6.1.8. TEM analyses showed that, in the as-cast magnesium alloy sheets, the 
structure is formed from mostly dislocation clouds and twins. In the as-cast samples, 
four types of particles were observed via EDS: coarse micron scale Al-Mn-Fe and 
Al-Mn-Zn particles; and nano-scale Al-Mn and Al-Zn particles.  
6.1.9. Maximum yield strength (YS) and ultimate tensile strength (UTS) achieved 
for as-cast sheets are 220 and 255 MPa respectively. Furthermore, as Al content is 
increased, there was a trend to have higher strength. A highest ductility of 3.3 % 
elongation was measured. 
6.1.10. From flow curves of 800 mm and 1500 mm specimens, it was measured that 
the rolling direction (RD) samples had higher strength than those taken at 45° to the 
RD, which, in turn, had higher strength than the transverse direction (TD) samples. 
This shows that there is strength anisotropy. 
6.1.11. Due to observation of flat areas, facets and cleavage structures in the SEM 
fractographs, it can be suggested that the fracture is mostly brittle type. However, 
there were some regions of dimples which indicate local ductile fracture. 
6.1.12. From XRD spectra and texture pole figure studies, it was found that there was 
basal texture in the as-cast sheets. However, the level of texture was measured to be 
more random than commercially available AZ31 sheet. 
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The conclusions from homogenization treatments are as follows: 
6.2.1. As-cast grains transformed to a much smaller grain size after homogenization 
by recrystallization due to deformation effect of TRC method. Grain sizes of less 
than 20 µm were achieved. A homogenization condition of annealing at 400C° for  
2-6 hours seems reasonable especially for industrial scale process. 
6.2.2. In all alloys in the homogenized condition, β-phase was almost invisible in 
XRD spectrums. The eutectic β-phase was dissolved by homogenization heat 
treatment.  
6.2.3. After homogenization, the deformation structure was relaxed and the 
dislocation amounts were decreased. It was possible to observe the grain structure by 
TEM. Al-Mn precipitates with different morphologies were observed in all 
homogenized Mg sheets. With the help of HRTEM pictures, diffraction patterns and 
EDS analyses some of the Al-Mn particles were identified to be Al8Mn5 type. 
6.2.4. The yield strength values were 140, 135, 140, 135 and 133 MPa, and the 
ultimate tensile strength values were 236, 265, 250, 245 and 260 MPa for 
homogenized AZ31, AZ61, AZ91, AM50 and AM60 alloys, respectively. Ductility 
values were between 8 and 23 % elongation after homogenization. Besides, both the 
yield strength and ultimate tensile strength values and also the ductility values were 
increased dramatically after homogenization compared to as-cast condition. 
6.2.5. As the homogenization temperature was increased both the yield strength and 
ultimate tensile strength values were decreased, however, the ductility values were 
increased. 
6.2.6. From the fractographs of homogenized AZ31, AZ61, AZ91, AM50 and 
AM60 alloys, it can be said that, due to observation of dimples, the fracture was 
mostly ductile. 
6.2.7. By light microscope, SEM and EPMA studies, small quantities of segregation 
were detected even after homogenization. 
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The conclusions from ageing studies are as follows: 
6.3.1. From the XRD spectrums of aged AZ91 magnesium alloy sheet aged at 
200ºC for 24 h and 100 h Mg17Al12 β-phase is observed. Moreover, intensity values 
of β-phase peak intensities are higher in the case of 100 h ageing time compared to 
24 h ageing.  
6.3.2. From TEM investigations, nano-sized rod shaped precipitates which were 
found to be Mg17Al12 β-phase precipitate by TEM-EDS, were observed in the size of 
150-300 nm in length and 50-150 nm in width.  
6.3.3. Age hardening occurred by hardness increase from 66 HV up to around       
85 HV by ageing at 24 h.  
The conclusions from rolling studies are as follows: 
6.4.1. Grain size of AZ31 sheet after rolling with laboratory scale rolling-mills was 
less than 10 µm in some regions. From tensile test results of the as-rolled sheets it is 
observed that UTS values of 300 MPa and elongation values of 11 % could be 
achieved. Microhardness values were 74-76 HV for the rolled samples. 
6.4.2. The conditions employed for thermomechanical processing by hot rolling 
showed that atmospheric conditions for such processes can be used and that the 
microstructure and mechanical properties of the produced sheets can be improved 
significantly. Processing for thinner AZ31 sheets has been achieved down to 1.0 mm 
with industrial scale rolling. 
6.4.3. Microstructures of as-rolled sheets involved many twins. Grain size of Mg 
AZ31 rolled sheets after annealing heat treatments were less than 20 µm, and they 
were equiaxed and uniform in size. In some specimens an average grain size of       
10 µm was achieved. 
6.4.4.  After annealing, UTS values were around 275 MPa maximum and ductility 
values of more than 15 % elongation were recorded. 
6.4.5. Texture pole figures of the rolled 1 mm AZ31 sheet sample showed that 
texture was more random compared to commercially available 1 mm AZ31 sheet 
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produced by conventional methods. Moreover, flow curves of 1 mm AZ31 sheet 
showed no strength anisotropy. 
The conclusions from necklace studies are as follows: 
6.5.1. From the results of necklace study, it may be concluded that as the initial 
grain size of the magnesium alloys is reduced the formation of necklace structure 
during recrystallization is inhibited. There appears to be a limiting grain size of 
approximately 15 µm below which necklace formation is not noticeable. 
The conclusions from conventional casting experiments are as follows: 
6.6.1. It is observed that a homogenous microstructure was achieved by laboratory 
scale casting experiments, and it can be said that conventional casting method works 
fine for Mg alloying. Laboratory scale experiments can be well adjusted to 
commercial twin roll casting process. 
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7. FUTURE WORK 
Future work will focus on obtaining better sheets by twin roll casting. The processing 
and quality of the twin-roll casted magnesium sheets should be further improved, and 
the related key technologies also need to be further developed. Moreover, other 
magnesium alloys such as Ca or Rare Earth element added Mg alloys can be studied. 
Methods of exploiting a better understanding of homogenization and rolling studies 
will be sought. All of the studied processes: twin roll casting, homogenization and 
rolling should be applied for long term commercial continuous production. In 
addition, detailed XRD texture analysis, anisotropy measurements, EBSD analysis 
and neutron diffraction experiments may give important clues about texture of the 
sheets. High temperature tensile and compression tests and formability tests can be 
applied for future forming applications of the magnesium alloy sheets. Corrosion 
studies, painting, coating, machining and welding operations should be studied on 
produced magnesium alloys. 
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Figure A.1 : Mg-Mn Phase Diagram [45]. 
 
Figure A.2 : Mg-Zn Phase Diagram [45]. 
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Figure A.3 : Al-Mg-Mn liquidus projection [297]. 
 
Figure A.4 : Al-Mg-Zn liquidus projection [297]. 
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Table A.1 : Related specifications for magnesium alloys [45]. 
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Table A.2 : The physical properties of magnesium and magnesium alloys [45]. 
 
 
 
 
 299
Table A.2 (continued) : The physical properties of magnesium and magnesium alloys [45]. 
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Table A.2 (continued) : The physical properties of magnesium and magnesium alloys [45]. 
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Table A.3 : The mechanical properties of magnesium and magnesium alloys [45]. 
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Table A.3 (continued) : The mechanical properties of magnesium and magnesium alloys [45]. 
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Table A.4 : Mg TRC process parameters of companies 
[90,94,95,14,111,123,43,44,135-138,46]. 
Company CSIRO POSCO MgF 
Freiberg 
Hydro 
Norway 
Alloy AZ31, AZ61, 
AM60, AZ91 
AZ31 AZ21, 
AZ31 
AZ31 
Width (mm) 100-600 530-600 700 410 
Thickness (mm) 2.3-5 3-7 4.5-7 4.5 
Min Thickness 
after Rolling (mm) 
0.5 0.4 0.55 1.5 
YS after TRC 
(MPa) 
  169  
UTS after TRC 
(MPa) 
  275  
%EL after TRC   4.8  
YS after Rolling 
(MPa) 
213 AZ31B, 
239 AZ91 
260 189 150 
UTS after Rolling 
(MPa) 
288, 321 AZ91 310 264 275 
%EL after rolling 21 14 18-19 18 
Superheating (ºC) 15-60    
Seperating Force 100-500 kg/mm    
Capacity of furnace   1200 kg 
(750 
kg/hr) 
300 kg/hr
Atmosphere SF6/dry air mix 
and 2-4 vol% 
hydrofluorocarb
on (HFC-134a) 
  protectiv
e cover 
gas 
Roll type Steel, internal 
fluid cooling 
Steel, 
internal 
water 
cooling 
Steel, 
internal 
water 
cooling 
Steel 
Roll diameter 185, 255    
Set-back 12-17 mm for 
185 mm 
diameter roll 
and 28-33 mm 
for 255 mm 
diameter roll 
   
Grain Size for strip 
(µm) 
40-100 AZ91   200 
Grain size for sheet 
after hot rolling 
(µm) 
9-10 AZ31, 20 
AZ91 
 8.7 20 
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Table A.4 (continued) : Mg TRC process parameters of companies 
[90,94,95,14,111,123,43,44,135-138,46]. 
Company CSIRO POSCO, 
RIST 
MgF 
Freiberg 
Hydro 
Norway 
SDAS (µm) 3.5-9 for 
AZ31, 7-9 for 
AZ91 
  5.5-6.5 
Solidification rate 100-2000 K/s   270 K/s 
Roll Speed    1.4-2.1 
m/min 
Annealing 340-350ºC or 
420ºC 2-18 h 
for AZ31, 
AZ61,      
425-450ºC     
24 h+200C  
24 h for AZ91
400ºC for 
4 hours 
400-450-
480-500ºC 
for        
1-4-16 h 
400ºC for 
1 h 
Hot Rolling 
Temperature 
345ºC, 420ºC  300-500ºC  
Intermediate  Anneal 
Temperature 
420ºC 30min  continuous  
Hot Roll Speed 18 m/min  1-5 m/s 
(60-300 
m/min) 
150 
m/min 
Reduction per pass 20-25 %  30-40 % 10-40 % 
Grain size after Cold 
Rolling (µm) 
3-7 5-7  10 
Cold Rolling 
reduction per pass 
14-27 %    
Annealing between 
each cold roll pass 
350ºC 60min 
or 420ºC 30 
min 
   
Annealing after cold 
rolling 
350ºC 60min 
or 420ºC 30 
min 
 330ºC    
30 min 
350ºC  
30 min 
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Table A.5 : Mg TRC process parameters of companies [163-165,158-162,167]. 
Company Mitsubishi 
Aluminum, Japan 
Sumitomo Electric 
Industries, Japan 
Gonda 
Metal, 
Japan 
Alloy AZ31, AZ41 AZ31, AZ91 AZ61  
Width (mm) 470 250 400 mm  
Thickness (mm) 4-5 4 2-6 mm 
Roll-gap (mm) 3.4 for 4.6   
Min Thickness after 
Rolling (mm) 
0.5 0.5 0.5 
UTS after TRC 
(MPa) 
~175   
%EL after TRC ~4   
UTS after 
homogenization 
(MPa) 
~225   
%EL after 
homogenization 
~14   
YS after Rolling 
(MPa) 
 230 for AZ31, 
AZ91 
 
UTS after Rolling 
(MPa) 
 280 for AZ31, 340 
for AZ91 
 
%EL after rolling  21 for AZ31, 13 for 
AZ91 
 
Superheating (°C) 720-740°C for 
molten metal 
670-710 for AZ31, 
650-690 for AZ91 
 
Seperating Force 150-450kN   
Atmosphere 1.0% SF6 and CO2 
mixture 
inert  
Roll type steel cooled by 
water 
Water cooled 
copper alloy 
 
Roll width (mm) 600   
Roll diameter mm 425   
Set-back (mm) 37-40   
Lubricant water-soluble 
graphite lubricant 
  
SDAS (µm) 5.0-6.5 3.9-4.2 for AZ31, 
3.9-4.4 for AZ91 
 
Solidification rate 239 K/s to 556K/s   
Roll Speed 0.6 to 2 m/min 1.6 - 2.2 m/min 30 m/min 
Annealing 450ºC for 24 h or 
8 h at 450°C for 
rolling 
400°C for 6 h  
Grain Size after 
Annealing (µm) 
 22 for AZ31, 21 for 
AZ91 
 
Hot Rolling 
Temperature 
250°C   
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Table A.5 : Mg TRC process parameters of companies [163-165,158-162,167]. 
Company Mitsubishi 
Aluminum, Japan 
Sumitomo Electric 
Industries, Japan 
Gonda 
Metal, 
Japan 
Intermediate  Anneal 
Temperature 
300°C 1 h   
Hot Roll Speed 5 m/min   
Final Grain size after 
Rolling  (µm) 
4.7 by rolling, 3.2 
by flash annealing 
4.0 µm AZ31, 
5.6 µm AZ91 
 
Annealing between 
each cold roll pass 
300°C–1 h,  
350°C–1 h. 
  
Annealing after cold 
rolling 
1 h at 300°C 250°C 30 min 
AZ31 320°C 30min 
AZ91 
 
 
Table A.6 : Mg TRC process parameters of companies [78,179-182]. 
Company Luoyang Copper 
China 
Fuzhou Huamei and Yinguang 
Mg China 
Alloy AZ31 AZ31, MB8 and MB26 
Width (mm) 600  400, 600 
Thickness (mm) 6-8 2-8 
Min Thickness after 
Rolling (mm) 
 0.5 
Roll type  d850 mm x w800 mm 
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Table A.7 : Mg TRC process parameters of institutes and universities [115-126,128-131,132-134,141,142,146-157]. 
University 
 
POSTECH, RIST, 
Seoul National, 
Korea 
KIMS Korea Institute of 
Machinery and 
Materials and Inje 
University 
Hannover, Germany Oyama National 
College of 
Technology 
Type HTRC HTRC wheel-band 
continuous casting 
(modified Properzi) 
and horizontal 
continuous casting 
(HCC) machine 
modified Hazelett 
caster 
HTRC, vertical 
high speed roll 
casting 
Alloy AZ31, ZM61, 
ZMA611, ZMA613, 
AZ91 
AZ41M, ZK60 AZ31 AZ31 AZ31, AZ61, 
AZ91, AM50 and 
AM60 
Width (mm) 70 mm AZ91 100 mm 50 mm Properzi 
120 mm HCC 
70 mm ~80 mm 
Thickness (mm) 6 mm AZ31, 
2 mm for AZ31 and 
ZM, 2 mm for AZ91 
3.2 mm for 2 mm roll 
gap 
5 mm Properzi 
30 mm HCC 
 ~2-4 mm 
Min Thickness 
after Rolling 
(mm) 
 0.6 mm after 5 passes 
for AZ41M, 0.5 mm 
for ZK60 
1 mm   
YS after TRC 
(MPa) 
236 AZ31, 134 (T4)-
266 (T6) ZM61, 168 
T4)-307 (T6) 
ZMA611, 180 (T4)-
319 (T6) ZMA613 
~180 MPa AZ41M    
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Table A.7 (continued) : Mg TRC process parameters of institutes and universities [115-126,128-131,132-134,141,142,146-157]. 
University 
 
POSTECH, RIST, 
Seoul National, 
Korea 
KIMS Korea Institute of 
Machinery and 
Materials and Inje 
University 
Hannover, Germany Oyama National 
College of 
Technology 
UTS after TRC 
(MPa) 
284 AZ31, 271 (T4)-
302 (T6) ZM61,    
283 T4)-330 (T6) 
ZMA611, 290 (T4)-
360 (T6) ZMA613 
~130 AZ41M    
%EL after TRC 15.3 AZ31, 18.4 
(T4)-16.2 (T6) ZM61, 
12.8 (T4)-16 (T6) 
ZMA611, 8.7 (T4)-
6.3 (T6) ZMA613 
~3 % AZ41M    
YS after rolling 
(MPa) 
 218 MPa AZ41M, 
330 MPa ZK60    
after T6 
   
UTS after 
rolling (MPa) 
 330 MPa AZ41M, 
420 MPa ZK60 after 
T6 
   
%EL after 
rolling 
 12.3 % AZ41M, 
16.1 % ZK60 after T6
   
Superheating 118°C (AZ31), 70°C 
(ZM) 
650°C AZ41M, 
720°C ZK60 
 690°C T: 595-640°C 
(15-30°C) 
Atmosphere CO2, SF6    CO2, N2, 
CO2+SF6 
Roll type water cooled copper-
0.7 wt.% Be alloy 
water cooled copper 
alloy roll (Ø300 mm) 
  Copper, copper 
alloy 
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Table A.7 (continued) : Mg TRC process parameters of institutes and universities [115-126,128-131,132-134,141,142,146-157]. 
University 
 
POSTECH, RIST, 
Seoul National, 
Korea 
KIMS Korea Institute of 
Machinery and 
Materials and Inje 
University 
Hannover, Germany Oyama National 
College of 
Technology 
      
Roll width     100-150 mm 
Roll diameter  300 mm   300 mm 
Lubrication     BN 
Grain Size for 
strip (µm) 
   80µm  
Grain size for 
sheet after hot 
rolling (µm) 
6 µm AZ31, 7 µm 
ZM61, 4 µm 
ZMA611, 2.6 µm 
ZMA613 after TMT 
8 µm AZ41M, 
6.1 µm for the 
solution treated and 
6.8 µm for T6 ZK60 
7~10µm.   
SDAS (µm) 2.6-3.9 AZ31, ZM, 4-
6 AZ91 
    
Solidification 
rate 
130-350 K/s AZ31, 
ZM, 120-370 K/s 
AZ91 
    
Roll Speed 4-4.5m/min AZ31, 
ZM, 3.6m/min AZ91 
5 rpm  2.1 m/min 10-150 m/min 
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Table A.7 (continued) : Mg TRC process parameters of institutes and universities [115-126,128-131,132-134,141,142,146-157]. 
University 
 
POSTECH, RIST, 
Seoul National, 
Korea 
KIMS Korea Institute of 
Machinery and 
Materials and Inje 
University 
Hannover, Germany Oyama National 
College of 
Technology 
Annealing 400°C 4h, 420 1 h 
(AZ31) 
330°C 2-10 h ZM 
Final aging at 70°C 
for 24 h and 150°C 
for 24 h to give T6 
condition, 
420°C for 1 h 
followed by 
annealing at 170°C 
for 22 h AZ91 
350°C for 30 minutes 
AZ41M, 300°C for 
30 min anneal ZK60, 
375°C solutinize for  
3 h for ZK60 and 
artificial aging 
treatment was 
performed at 175°C 
for 1 h-100 h (10h) 
   
Grain Size after 
annealing (µm) 
65 after 400°C 4 h for 
AZ31 
35 (34-38) AZ31 after 
420°C 1 h 
15 ZM61,           
12 ZMA611,          
12 ZMA613 (after 
330°C 2-10 h) 
12-20 after 420°C for 
1 h for AZ91 
    
Hot Rolling 
Temperature 
200°C AZ31,    
300°C ZM 
350°C AZ41M, 
300°C ZK60 
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Table A.7 (continued) : Mg TRC process parameters of institutes and universities [115-126,128-131,132-134,141,142,146-157]. 
University 
 
POSTECH, RIST, 
Seoul National, 
Korea 
KIMS Korea Institute of 
Machinery and 
Materials and Inje 
University 
Hannover, Germany Oyama National 
College of 
Technology 
Intermediate  
Anneal 
Temperature 
150°C 1 h AZ31, 
330C 30 min 
350°C for 10 minutes 
AZ41M, 300°C for 
10 minutes ZK60 
   
Reduction per 
pass 
50 % AZ31, 40-50 % 
ZM 
5-34 % total 5 passes 
for AZ41M, 50 % 
ZK60 
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Table A.8 : Mg TRC process parameters of institutes and universities [175,176, 78,179-194]. 
 
University 
 
Waseda University, 
Japan 
Chongqing 
University and 
Southwest 
Aluminium Group, 
China 
Northeastern 
University, China 
Chongqing 
University, China 
Anshan University, 
China 
Type Melt Drag HTRC HTRC VTRC VTRC 
Alloy AZ31  AZ31 AZ31 AZ31 
Width (mm) 60 mm 800 mm 200-350 mm 150 mm  
Thickness (mm) 1.8-8.8 mm 7 mm 1.5-3.5 mm 1-3 mm  
Min Thickness after 
Rolling (mm) 
   1 mm  
YS after TRC   122-147 MPa   
UTS after TRC   190-226 MPa   
YS after rolling    135-167 MPa  
UTS after rolling    249-275 MPa  
%EL after rolling    12-16 %  
Melt Temperature 660-780°C   630-690°C 680, 700 and 720°C 
Seperating Force 35-350 kgf     
Atmosphere CO2 and SF6   CO2 and SF6  
Roll type Cu solidification roll 
and stainless steel 304 
forming roll 
 Water cooled  Water cooled 
Roll width  max.1600 mm 500 mm 150 mm 100 mm 
Roll diameter 300 mm Cu  roll and 
130 mm stainless 
steel roll 
max. 850 mm 500 mm 250 mm 300 mm 
Grain Size for strip    10-120 µm  
Solidification rate   102-103 K/s   
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Table A.8 (continued) : Mg TRC process parameters of institutes and universities [175,176, 78,179-194]. 
 
University 
 
Waseda University, 
Japan 
Chongqing 
University and 
Southwest 
Aluminium Group, 
China 
Northeastern 
University, China 
Chongqing 
University, China 
Anshan University, 
China 
Roll Speed 1-90 m/min  max 60 m/min 8,15,31 m/min 8, 13, 18 m/min 
Homogenization    400°C  for 4h 450, 400 and 350°C 
for 1 h 
Annealing before 
Rolling 
   350C for 15 minute  
Hot Rolling 
Temperature 
  240-300°C Roll surface was 
100°C 
 
Intermediate  
Annealing 
   350°C for 15 minute  
Hot Roll Speed    9 m/min  
Reduction per pass   50 % 12, 10 and 8%.  
Annealing after cold 
rolling 
   300°C for 30 minute  
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Table A.9 : Mg TRC process parameters of institutes and universities [196-200,143]. 
 
University 
 
BCAST, Brunel 
University, UK 
RWTH Aachen 
University, 
Germany 
Type HTRC, MC-TRC HTRC 
Alloy AZ31, AZ61, AZ91 AZ31 
Width  100 mm 
Thickness 2-8 mm 2-5 mm 
Melt Temperature  700C 
Atmosphere N2 + 0.5 vol % SF6  
Roll type inner water cooled  
Roll width 350 mm 340 mm 
Roll diameter 318 mm 100 mm 
Grain Size for strip  220, 300, 600 µm 
TRC, 
70~80 MC-TRC 
 
Roll Speed 2-40 m/min 0.26 to 5.11 m/min 
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